Polymer electrolytes for safer lithium-based batteries: synthesis, characterization, and structure-function correlation by Khurana, Rachna
  
 
POLYMER ELECTROLYTES FOR SAFER LITHIUM-BASED BATTERIES: 
SYNTHESIS, CHARACTERIZATION, AND STRUCTURE-FUNCTION 
CORRELATION 
 
 
 
 
 
 
 
 
A Dissertation 
Presented to the Faculty of the Graduate School 
of Cornell University 
In Partial Fulfillment of the Requirements for the Degree of 
Doctor of Philosophy 
 
 
 
 
 
by 
Rachna Khurana 
August 2014
  
 
 
 
 
 
 
 
 
 
 
 
© 2014 Rachna Khurana 
 
 POLYMER ELECTROLYTES FOR SAFER LITHIUM-BASED BATTERIES: 
SYNTHESIS, CHARACTERIZATION, AND STRUCTURE-FUNCTION 
CORRELATION 
 
Rachna Khurana, Ph. D.  
Cornell University 2014 
 
Rechargeable Li-metal batteries (LMBs) are conceivably one of the most 
promising battery technologies to achieve high energy densities for sustainable 
transport applications and grid-storage components. Electrolytes are a critical 
component of a battery that allows the ion-transport for the efficient charge-discharge 
of the battery. Conventional liquid electrolytes (e.g. a mixture of lithium salt and alkyl 
carbonates) that are employed in a typical Li-ion battery are flammable. Moreover, 
they can also react with the Li-metal, leading to irreversible reactions and dendrite 
formation on the lithium metal surface. Solid polymer electrolytes (SPEs) have been 
reported to limit this reactivity, however their low ionic conductivities at room 
temperature (<10
−4
 S/cm) have impeded their use in a rechargeable LMB device for 
ambient temperature operation. This dissertation describes the synthesis, 
characterization, and applications of new solid polymer electrolytes for lithium battery 
applications with main emphasis on using poly(ethylene oxide) (PEO) as the ionically 
conducting segment and semi-crystalline polymers, namely polyethylene (PE) and 
syndiotactic polypropylene (sPP) as the mechanically rigid segments.  
We developed a new class of PE/PEO cross-linked polymer electrolytes using 
ring opening metathesis polymerization route. These SPEs demonstrated both high 
 ionic conductivity (>10
−4
 S/cm at 25 °C) and unprecedented levels of dendrite growth 
resistance. We also formulated new SPE compositions by varying the lithium salts and 
the plasticizers in these PE/PEO cross-linked systems. To achieve better transport 
properties, we synthesized Li-ion conducting network polyelectrolytes that contained 
non-coordinating tetraphenylborate anions tethered to the polyethylene backbone. We 
also developed syndiotactic polypropylene-b-poly(ethylene oxide)-b-syndiotactic 
polypropylene (PEOP) triblock copolymers using azide-alkyne “click” chemistry 
route. PEOP triblock copolymers containing different block sizes were synthesized 
and doped with a lithium salt for use as an electrolyte in a lithium battery.  
Finally, we established structure-property relationships for several SPEs 
reported in this dissertation. We anticipate that some of the polymer electrolytes 
described in this work will provide useful insights for the design of SPEs with superior 
electrolyte properties, including higher ionic conductivity, better electrochemical 
stability, and excellent dendrite growth resistance.  
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Brief Overview of Polymer Electrolytes for Li-Battery Applications 
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CHAPTER 1 
Brief Overview of Polymer Electrolytes for Li-Battery Applications 
 
1.1 Introduction 
Current rechargeable Li-ion batteries (LIBs) have prompted the growth of the 
market of popular devices such as laptop computers, mobile phones, tablets, and 
others. These batteries have gained lot of attention due to their many attractive 
features, such as high energy density, open circuit voltage, and high efficiency. While 
promising for several applications, these LIBs suffer from many disadvantages, such 
as a) safety issues due to the use of flammable organic liquids as Li-ion conducting 
electrolytes, and b) relatively low-energy density because of lithiated graphite as an 
anode component. Clearly, there is a need to develop safer and higher energy density 
Li-based battery technology, which can be used for sustainable transport applications 
(like electric and hybrid electric vehicles) to meet the ever-growing energy demands. 
One approach for achieving high energy density is by replacing the graphite anode 
with a Li-metal anode, which has an order of magnitude higher anode capacity 
compared to the lithiated graphite electrode. Additionally, substituting the flammable 
liquid electrolytes with less/non-flammable polymer electrolytes could minimize the 
safety hazards. Although Li-metal polymer (LMP) battery technology offers 
noteworthy benefits, it has not penetrated the rechargeable battery market due to 
several practical limitations. Lithium dendrite formation on the anode is one of the 
primary failure mechanisms in these batteries. Moreover, low ionic conductivities of 
the solid polymer electrolytes have limited their use in an LMP battery. Extensive 
research efforts are focused on developing solid polymer electrolytes for LMP 
batteries that not only exhibit high Li-ion conductivity, but also prevent dendrite 
nucleation and growth on the Li-metal anode.  
  3 
1.2 Li-Based Batteries 
A battery is an energy storage device that converts chemical energy into 
electrical energy. It is comprised of two electrodes separated by an ion-conducting 
medium known as electrolyte. In a rechargeable (or secondary) battery, upon 
discharge, electrons spontaneously flow from the more negative to the more positive 
electrode in the external circuit and the ions are transported through the electrolyte 
maintaining the charge balance. Higher voltage applied in the opposite direction can 
recharge the battery. A number of rechargeable batteries have been proposed in the 
last century, such as lead-acid, Ni-Cd, Ni-metal hydride, Li-based batteries, etc. 
Among these batteries, Li-based battery technologies have received great attention 
because lithium is the most electropositive (−3.0 V vs. SHE) and the lightest element, 
thus enabling the fabrication of high energy density batteries.
1,2
  
 
 
 
Figure 1.1 Schematic diagram of a Li-ion battery. 
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The first Li-based rechargeable battery was commercialized by Sony in 1991 
and it is known as “Li-ion” or “rocking-chair” secondary battery. A basic schematic 
diagram of a rechargeable Li-ion battery is shown in Figure 1.1. In a conventional Li-
ion battery (LIB), the anode is lithiated graphite (LixC6), the cathode is a transition 
metal oxide (Li1-xT
M
O2, where T
M
 is a transition metal), the separator is a microporous 
polyolefin membrane, and the electrolyte is generally comprised of a highly polar 
organic liquid doped with a lithium salt (for example, 1.0 M solution of LiPF6 in 1:1 
(v/v) mixture of ethylene carbonate and dimethyl carbonate). The reversible extraction 
and insertion of Li-ion (the so-called “rocking-chair” mechanism) in this battery is 
based on the following reversible redox process: 
            yC + LiT
M
O2 ⇄ LixCy + Li1-xT
M
O2; x ~ 0.5, y = 6  (1) 
The open circuit voltage of a standard LIB is 3.7 V and its energy density is 
~180 Whkg
−1
, which is approximately 5 times higher than that of the lead-acid 
battery.
1
 Due to the high open circuit voltage and high energy content, these batteries 
have revolutionized the consumer electronics market as demonstrated by the 
production of billions of Li-ion cells each year. Although these batteries are promising 
for electronic devices, their low energy density cannot meet the high energy demands 
as well as other standards (safety, power, cost, reliability, and lifetime) required for 
their application in transportation.
3
 Moreover, these batteries have safety hazards 
associated with them, as both the flammable organic liquids and the reactive cathode 
materials can cause thermal run-away leading to fires under abusive conditions. 
 It has been recognized that batteries with high energy density will be needed 
for their large-scale application in the electric vehicles. One approach of increasing the 
energy density is to replace the graphitic anode with a higher capacity and lower cost 
anode material such as lithium metal. Conventional liquid electrolytes cannot be used 
in Li-metal batteries due to the reaction of these reactive electrolytes with lithium. 
  5 
Furthermore, lithium has been shown to deposit in a non-uniform way on the anode in 
aprotic solvents, resulting in short-circuit and thermal run-away.
4
 Solid polymer 
electrolytes (SPEs) have been found to reduce the chemical reactivity of an electrolyte 
with lithium metal.
5,6
 The battery configurations for conventional LIB and Li-metal 
polymer (LMP) battery are shown in Figure 1.2. Unlike LIBs, LMP batteries are much 
thinner and hence provide higher energy density. Also, LMP batteries offer significant 
safety advantages because they contain no flammable solvents. Despite the 
tremendous potential, two major issues have impeded their practical applications: a) 
dendrite growth in conjunction with Li-metal that causes battery failure and b) low 
ionic conductivity of SPEs at room temperature that limits the battery efficiency. 
 
 
  
 
Figure 1.2 Conventional Li-ion vs. Li-metal polymer battery (reference 7). 
 
1.3 Polymer Electrolytes 
In contrast to the liquid electrolytes, polymers have the advantage of being 
flexible and lightweight, and thus allow battery fabrication in different shapes and 
sizes. Moreover, high molecular weight polymers are essentially non-flammable and 
therefore much safer than the conventional liquid electrolytes such as LiPF6/ethylene 
  6 
carbonate. For successful operation of a battery, a polymer electrolyte should possess 
some desired properties, such as a) high ionic conductivity (typically σ > 10−4 S/cm at 
25 °C for an SPE), b) good mechanical properties, c) large electrochemical window, 
d) high cation mobility (high Li
+
 ion transference number), e) ease of processability, f) 
good interfacial contact with the electrodes, and g) excellent chemical and thermal 
stability.
6,8
  
In 1973, Wright and co-workers discovered the ionic conductivity in the alkali 
metal salt complexes of poly(ethylene oxide) (PEO).
9
 Later, Armand and co-workers 
proposed the use of alkali metal-doped PEO polymers as a solid polymer electrolyte 
(SPE) for battery applications for the first time.
10
 Theoretical calculations suggest that 
approximately five oxygens of the PEO chain complex to Li
+
 ions and Li
+
 ion 
transport occurs via the segmental motion of the PEO matrix, as shown in Figure 1.3.
11
 
Surprisingly, the majority of the research work in the polymer electrolyte field is still 
focused on PEO due to its relatively high conductivity when compared with other 
polymers. However, the room temperature conductivity of PEO-based polymer 
electrolytes is still very low (Figure 1.4; σ ~ 5 × 10−6 S/cm at 25 °C for PEO-LiTFSI
 
 
 
Figure 1.3 Segmental motion in PEO facilitating Li-ion conduction (Adapted from 
reference 12). 
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electrolyte) due to the crystalline domains in high molecular weight PEO (Mn ~ 900 
kDa). As shown in Figure 1.4, low molecular weight poly(ethylene glycol) (PEG; Mn ~ 
250 Da) exhibits higher ionic conductivity at 25 °C (σ ~ 10−3 S/cm) due to better 
segmental motion, but the mechanical properties of these oligomers are poor, 
preventing their use in a solid state battery. 
To increase the ionic conductivity of the PEO-based electrolytes, researchers 
have used different strategies to decrease the crystallinity of PEO: a) block 
copolymers, b) cross-linked copolymers, c) polyether copolymers, and d) graft 
copolymers. Although PEO-based polymers have dominated the polymer electrolyte 
literature, other homopolymers have also been investigated as electrolyte components 
for Li-based batteries. These homopolymers will be briefly discussed in Section 
1.5.1.1, but mainly we will focus on PEO-based polymer electrolytes.  
 
Figure 1.4 Conductivity plot of lithium bis(trifluoromethanesulfonyl)imide salt-doped 
PEO (Mn ~ 900 kDa) and PEG (Mn ~ 250 Da); [EO]:[Li] = 18.  
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1.4 General Considerations 
1.4.1 Ionic Conductivity 
The generally accepted model for the Li
+
 ion transport in amorphous domains 
of PEO is shown in Figure 1.3. Lithium cations coordinate to the lone pairs of oxygen 
forming a chelate and upon application of external voltage, Li-ions migrate to a 
neighboring chelation site. The movement of ions is directly coupled to polymer chain 
mobility; this behavior is thermally activated and is often described by Vogel-
Tammann-Fulcher (VTF) (equation 2):
13-15
  
                              (2) 
where A is a pre-exponential factor which may be related to ion mobility and ion 
association, B is apparent activation energy, which is different from the activation 
energy (Ea), To is the thermodynamic glass transition temperature of the electrolyte, 
and T is the operating temperature. This model can explain the ion transport of either 
amorphous polymers or amorphous domains in semi-crystalline polymers. Faster 
relaxation occurs in low Tg polymers and hence higher conductivity is observed for 
them.  
1.4.2 Electrochemical Stability 
A polymer electrolyte is required to have electrochemical stability within the 
voltage window of the Li-based battery. The electrochemical stability of the 
electrolyte dictates the type of cathode material suitable for a battery. The voltage of 
cathode materials, such as LiCoO2, can be as high as 4.5 V and thus requires the 
polymer electrolyte to be stable in the potential range of 0 to 4.5 V vs. Li
+
/Li. PEO-
LiTFSI SPEs have shown to be stable up to 4.5 V versus Li
+
/Li at ambient 
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temperature on a smooth blocking electrode.
16,17
 Greenbaum and co-workers reported 
PEO-LiTFSI electrolytes that showed significantly less electrochemical stability when 
compared to PEO-LiCF3SO3 SPE at 40 °C.
18
 Furthermore, they studied the effect of 
[EO]:[Li] ratio and ceramic additives on the electrochemical stability of the SPEs. 
They found that while Al2O3 additives did not affect the voltage stability of the PEO-
LiCF3SO3 electrolyte, salt concentration (i.e. [EO]:[Li] ratio) had a dramatic effect on 
the electrochemical stability at 60 °C. The results of this study indicated that 
electrolyte salt is one of the main contributors to the electrochemical instability of 
PEO-based SPEs at high temperatures.  
In the pursuit of finding a high energy density battery, researchers have 
developed new cathode materials that can operate at high potential (ca. 5 V), such as 
LiCuxMn2−xO4,
19
 LiNixCo1−xPO4,
20
 etc. However, the practical utility of such high 
voltage cathode materials is limited by the electrochemical instability of current state-
of-the-art electrolytes. Numerous ways have been proposed to increase the 
electrochemical stability of electrolytes, including development of new electrolyte 
chemistries, and utilization of various organic and inorganic additives in the 
electrolyte formulation.
21-28
 Some of the additives that have demonstrated to increase 
the electrochemical stability in a conventional Li-ion battery are shown in Table 1.1.  
Among the possible strategies, using fluorinated compounds such as 
fluorinated lithium salts and fluorinated organic compounds as additives is one of the 
most extensively used methods for increasing the electrochemical stability window of 
the electrolytes. Kita and co-workers did an elegant study to determine the structural 
effects of fluoroorganic lithium salts on the conductivity, electrochemical stability,  
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Table 1.1 Additives for increasing the electrochemical stability of Li-ion conducting 
electrolytes  
Additive Chemical Structure Reference 
Lithium Salts 
 
  
a) Fluorinated Salts   
Lithium nonafluorobutanesulfonate  
LiC4F9SO3  
 
21 
Lithium heptadecafluorooctanesulfonate 
LiC8F17SO3 
 
21 
 
b) Borate Salts 
  
Lithium bis(oxalato)borate 
(LiBOB) 
 
 
 
29 
Lithium 3,3,9,9-tetrafluoro-2,4,8,10-
tetraoxo-1,5,7,11-tetraoxa-6-
boraspiro[5.5]undecan-6-uide 
  
 
 
29 
Lithium 3,3,4,4,10,10,11,11-octafluoro-
2,5,9,12-tetraoxo-1,6,8,13-tetraoxa-7-
boraspiro[6.6]tridecan-7-uide 
 
 
29 
Fluorinated Organic Compounds 
 
  
Tris(1,1,1,3,3,3-hexafluoro-2-
isopropyl)phosphate  
(HFiP)  
 
24 
4-(trifluoromethyl)-1,3-dioxolan-2-one 
(TFM-EC) 
 
 
28 
4-(perfluorobutyl)-1,3-dioxolan-2-one 
(PFB-EC) 
 
 
28 
4-(perfluorohexyl)-1,3-dioxolan-2-one  
(PFH-EC) 
 
28 
Other 
 
  
Ethyl methyl sulfone (EMS) 
 
 
26 
Adiponitrile (ADN) 
 
30 
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aluminum corrosion at high voltage, and cell performance of a Li-ion battery.
21
 They 
found that among a lithium salt series, the anions with longer fluoroalkyl chains 
showed higher oxidation potential. For instance, the oxidation potentials for 
LiCF3SO3, LiC4F9SO3, and LiC8F17SO3
 
were determined to be 4.8, 6.0, and 6.5 V 
respectively in propylene carbonate electrolyte. Researchers at Argonne National 
Laboratory studied the effect of perfluoroalkyl substituted ethylene carbonate 
additives on the electrochemical performance of the electrolytes in a Li-ion battery.
28
  
Sulfones and nitriles have also been explored as the solvents or cosolvents with 
organic carbonates to increase the oxidative stability of the electrolytes in a Li-ion 
battery. Xu and Angell studied the properties of ethylmethyl sulfone (EMS) in the 
presence of high-voltage cathode materials, and found that EMS solutions of high-
stability salts such as LiClO4 and LiTFSI were stable up to 5.8 V vs. Li
+
/Li.
26
 Abu-
Lebdeh and Davidson investigated the electrochemical performance of adiponitrile 
(ADN) as a solvent and cosolvent with ethylene carbonate in a Li-ion battery. An 
electrolyte solution with the LiTFSI salt showed a wide electrochemical window of 6 
V vs. Li
+
/Li.
30
 
To enhance the electrochemical stability, research efforts are mainly focused 
on studying the effects of different lithium salts in liquid electrolytes, mainly alkyl 
carbonates. In contrast to the liquid electrolytes, very little work has been done in the 
field of polymer electrolytes (for both unplasticized and plasticized) to increase the 
oxidation potential of these polymer electrolytes. The cyclic voltammetry experiments 
on the lithium salt-doped electrolytes (small molecules) have shown that the voltage 
stability window of these electrolytes follow the order: nitriles > carbonates > esters > 
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ethers.
31
 Most likely, the oxidative stability of the polymer electrolytes containing 
these functional groups will follow a similar trend, i.e. polyacrylonitrile based polymer 
electrolytes might show highest electrochemical stability when compared to 
polycarbonates, polyesters, and polyethers (widely studied polymer electrolytes). 
However, it should be noted that several other electrochemical parameters, such as 
ionic conductivity, interfacial stability, cyclability (capacity retention), thermal 
decomposition, etc., would also be different for these polymers.  
1.4.3 Lithium Dendrite Growth in Li-Metal Batteries 
Lithium dendrite formation is one of the primary modes of failure in a typical 
rechargeable Li-metal battery. Lithium has been known to deposit in a non-uniform 
way upon charging on the Li-metal anode.
4
 As shown in Figure 1.5, after many 
charge-discharge cycles, the mossy-like structures of lithium reach over to the cathode 
and short-circuit the battery, causing thermal run-away and fire. Numerous ways have 
been reported in the literature to delay the lithium dendrite nucleation and growth, 
such as alloying of the lithium metal anode,
32
 and using additives to improve the 
uniformity at the solid electrolyte interface (SEI).
33-36 
Although these strategies are 
promising, the performance suffers due to a reduced anode capacity and durability is 
reduced by consumption of additives to form the SEI ﬁlms during successive charge-
discharge cycles, respectively.  
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Figure 1.5 Dendrite growth on the lithium metal anode. 
 
 
Current research efforts are also focused on changing the electrolyte chemistry 
to delay the dendrite growth.
37-41
 Two main theories have been proposed in the 
literature to understand the dendrite nucleation and growth mechanism in an 
electrolyte. The Chazalviel model proposes that dendrites arise from anion depletion at 
the electrode, which leads to large electric field gradients near the lithium electrode 
causing enhanced electrodeposition and thus leading to dendrite growth. Electrolytes 
with higher ionic conductivity and reduced anion mobility will delay dendrite 
nucleation by mitigating anion depletion near the electrode-electrolyte interface.
42
 In 
addition, a second model from Newman and Monroe considers the effect of physical 
forces such as electrolyte/separator modulus and surface tension on the kinetics of 
lithium electrodeposition. A prediction from this model is that SPEs with high shear 
modulus (G′ > 7 GPa) could be used to suppress the dendrite growth.43 As a test for 
this hypothesis, Balsara and co-workers designed mechanically rigid (G′ ~ 0.1 GPa) 
microphase separated polystyrene-b-poly(ethylene oxide) (PS-b-PEO) block 
copolymers that showed high resistance to Li dendrite growth, supporting the high 
modulus theory. 
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1.4.4 Lithium-Ion Transference Number 
In an electrolyte containing a binary salt, the measured ionic conductivity has 
the overall contribution from migration of both the Li
+
 cation and the anion. However, 
for the Li-based battery operation, the rate at which the battery operates is only 
dependent on the contribution from the fraction of current carried by Li
+
 cation. The 
portion of total current carried by lithium ions is usually referred to as Li
+
 ion 
transference number (tLi+) and is given by: 
       
    
∑    
 (3) 
where μi is the mobility of an ion, i in the electrolyte and μLi+ is the mobility of lithium 
cation.  
The majority of the LiX-doped polymer electrolytes reported to date, exhibit 
low Li
+
 ion transference numbers. In particular, PEO-based polymer electrolytes 
exhibit very low tLi+ values of 0.2–0.3.
44
 A lithium ion transference number 
significantly less than 1 is not desirable, because the resultant anion movement and 
accumulation near electrode surfaces causes concentration polarization during charge–
discharge steps in a battery, and leads to significant decrease in the overall power 
density achievable in the battery. To overcome these limitations and decrease the 
anion migration, researchers are developing single-ion conductors that have 
immobilized anions covalently bound to the polymer backbone. These single-ion 
conductors will be briefly discussed in Section 1.5.1.3.   
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1.5 Types of Polymer Electrolytes 
Polymer electrolytes can be categorized into three different classes based on 
their chemical composition: 1) dry (or unplasticized) solid polymer electrolytes, 2) 
plasticized polymer electrolytes, which typically contain small amounts of plasticizer 
to increase the free volume and decrease the glass transition temperature, and 3) 
polymer composites that are formed by addition of nanoparticulate ceramics in the 
polymer host.  
1.5.1 Dry (or Unplasticized) Solid Polymer Electrolytes 
PEO-based electrolytes are the most extensively studied dry solid polymer 
electrolytes since their proposed use in a Li-based battery by Armand in 1979.
10
 
Bathium Canada makes lithium-metal polymer (LMP) batteries, which contains a solid 
PEO-LiTFSI as the electrolyte component.
45
 These LMP batteries power the Bluecar, 
a small electric vehicle that is available through an electric car-share service launched 
by Bolloré group in Paris. Despite these attractive applications, these PEO-based LMP 
batteries suffer from several disadvantages – high operational temperature (>70 °C) 
are required for better device performance and there is a potential risk of the batteries 
catching on fire due to dendrite growth at the Li-metal anode.  
In a quest to find a better and highly conducting electrolyte for room 
temperature applications, researchers have also studied non-PEO based polymer 
electrolytes, such as polypropylene oxide (PPO),
46,47
 polysiloxanes,
48-54
 
polyphosphazenes,
55-58
 polyethylene imine,
59
 etc. Several representative examples are
shown in Table 1.2. Unlike PEO, atactic PPO is completely amorphous, but the Li-ion 
conductivity values above 60 °C are much lower than those of PEO and the solubility 
of lithium salts in the polymer is lower as well. This is due to both the lower dielectric 
constant of PPO, and the methyl group in the side-chain of the polymer backbone that 
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hinders the complexation of Li
+
 cation.
46,47
 Poly(ethylene imine) (PEI) is another 
polymer that has been studied due to strong electron donor properties of nitrogen in 
the polymer backbone, analogous to the oxygen in PEO polymer chain. Ratner and co-
workers studied the conductivity behavior of PEI-NaCF3SO3 complexes at various salt 
ratios; the maximum ionic conductivity value observed for amorphous complex was 
very low (3.1 × 10
−7
 S/cm at 40 °C).
59
  
Other flexible homopolymers with low glass transition temperatures, such as 
polysiloxanes and polyphosphazenes, have also gained lot of attention; low molecular 
weight PEG units have been grafted on these low Tg polymers and tested as 
electrolytes for Li battery applications. Polyphosphazenes have a number of 
advantages, such as low glass transition temperature, excellent flame retardant 
properties, and superior electrochemical stability. Seminal work from Allcock and co-
workers on highly conducting oligoether-g-polyphosphazenes (poly(bis-2-(2-
methoxyethoxy)ethoxyphosphazene) (MEEP: Table 1.2, entry 6) SPEs demonstrated 
the application of these polyphosphazenes as an electrolytes for battery applications.
57
 
While extremely promising due to good conducting properties, the lithium salt 
complexes of these polymers were soft solids and hence had poor mechanical 
properties. Several oligoether-substituted polysiloxanes have been extensively studied 
as SPEs by research teams of Smid
49,53,54
 and Shriver
50-52
. Smid and co-workers 
reported SPE complexes of LiClO4 with poly((o-methoxy-heptakis( 
oxyethylene)ethoxy)methylsiloxane) (Table 1.2, entry 5) polymers, which displayed 
an ionic conductivity of 7.0 × 10
−5
 S/cm at ambient temperature.
54
 These SPEs are 
viscous liquids and have poor dimensional stability; several methods including cross-
linking and blending with high molecular weight PEO have been used as strategies to 
improve the mechanical properties.  
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Table 1.2 Homopolymers for Li battery applications 
Entry Polymer 
Alkali 
Metal 
Salt 
Chemical 
Structure 
Ionic 
Conductivity 
(S/cm) 
@ Temperature 
Reference 
      
1 Poly(ethylene oxide) 
(PEO) 
 
LiTFSI 
 
2.0 × 10
−6 
@30 °C 
16 
2 Poly(propylene oxide), 
(PPO) 
 
LiClO4 
 
10
−8 
@20 °C 
8 
3 Poly(oxymethylene), 
(POM) 
 
LiClO4 
 
10
−8 
@20 °C 
8 
4 Poly(ethylene imine), 
PEI 
 
NaCF3SO3 
 
3.1 × 10
−7 
@40 °C 
59 
5 Oligoether-g-
poly(dimethyl 
siloxane) 
 
LiClO4 
 
 
7.0 × 10
−5 
@25 °C 
54 
6 Poly(bis-2-(2-
methoxyethoxy) 
ethoxyphosphazene), 
(MEEP) 
 
LiTFSI 
 
 
5.0 × 10
−5 
@25 °C 
57 
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Limitations of all the homopolymer electrolytes, including poor mechanical 
properties, low ambient ionic conductivities, incompatibility with the electrode 
materials, etc., have prompted the search for alternative SPE materials. There have 
been a large number of studies in this field concerning both PEO- and non-PEO based 
polymer matrices; the PEO-based polymer electrolytes will be the focus of this review. 
For the PEO-based SPEs, decreasing the crystallinity of PEO domains and increasing 
the segmental motion of the PEO chains to enhance the ionic conductivity of the SPE 
has long been recognized as an important goal in the electrolyte field. Numerous 
strategies have been proposed in the literature to lower the crystallinity of PEO at 
room temperature, such as PEO-based block copolymers,
60-70
 and cross-linked 
polymers.
71-78
 
1.5.1.1 Block Copolymer Electrolytes 
An ideal SPE would have have both high ionic conductivity and good 
mechanical properties. However, it is challenging to obtain high ionic conductivity 
values without compromising the mechanical integrity of the electrolyte. Block 
copolymers (BCPs) are considered to be an excellent way of decoupling the ionic 
conducting properties of ion-conducting domains from the mechanical properties of 
the non-conducting block in the block copolymer.
70,79
 This is due to the self-assembly 
of BCPs, which leads to ordered structures with nanoscale domains that may impart 
desirable mechanical, chemical, and electrical properties for ion-conducting 
membrane applications. Several PEO-based block copolymers have been studied as a 
potential electrolyte component for Li-battery applications. 
60-69,80
  
  
  19 
Table 1.3 Block copolymers as solid polymer electrolytes  
Entry Polymer 
Lithium 
Salt 
Chemical 
Structure 
Conductivity 
(S/cm) 
@Temperature 
Reference 
      
1 Poly(styrene-b-
ethylene oxide) 
LiTFSI 
 
 
2.5 × 10
−4
 
90 °C 
67 
2 Poly(styrene-b-
oligooxyethylene 
methacrylate-b-
styrene) 
LiClO4 
 
 
8.0 × 10
−5
 
30 °C 
65 
3 Poly(styrene-b-
(styrene-g-
ethyleneoxide)-b-
styrene) 
LiTFSI 
 
 
2.0 × 10
−5
 
25 °C 
69 
4 Poly(methylmethacr
ylate)-b-poly(oligo 
oxyethylene 
methacrylate) 
LiCF3SO3 
 
 
2.0 × 10
−6
 
22 °C 
66 
Selected examples of Li-ion conducting PEO-based BCP electrolytes are 
shown in Table 1.3. Initial studies on the BCP electrolytes were reported by Vincent 
and co-workers,
61
 wherein the BCP was synthesized by grafting PEG units on the 
polybutadiene block of poly(styrene-b-butadiene-b-styrene) polymer and doped with 
LiCF3SO3. Ionic conductivity values up to 10
−5
 S/cm were observed for these 
LiCF3SO3-doped SPEs at 20 °C. Since then, several studies in BCP literature are 
focused on developing a better understanding of the effects of nanophase separation in 
the lithium salt-doped BCPs on the ionic conductivity, morphology, and mechanical 
properties.
60,65,67,81,82
 Balsara and co-workers reported nanostructured lamellar LiTFSI-
doped polystyrene-b-polyethylene oxide (PS-b-PEO) SPEs that exhibited an ionic 
conductivity value of 2.5 × 10
−4
 S/cm at 90 °C, and had a shear modulus of 0.1 GPa at 
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90 °C.
67
 Epps and co-workers studied LiClO4-doped PS-b-PEO SPEs to establish the 
relationship between ionic conductivity and morphology.
82
 Their study indicated that 
samples with 3D conducting pathways (hexagonally perforated lamellar and 
hexagonal) exhibited much higher normalized conductivities than the corresponding 2-
D conducting pathway (lamellar) morphologies.  
Some high modulus BCP electrolytes have also demonstrated enhanced 
dendrite growth suppression at the lithium metal anode
40,41,83
, further demonstrating 
their potential for a safer Li-metal battery operation. Balsara and co-workers reported 
high modulus LiTFSI-doped PS-b-PEO BCP electrolytes, which showed an order of 
magnitude higher Cd value (a measure of dendrite growth resistance) than a LiTFSI-
doped PEO polymer electrolyte.
40
 The increase in dendrite growth resistance was 
attributed to the microphase separated structure and high modulus (G′ ~ 108 Pa for PS-
b-PEO compared to G′ ~ 104 Pa for PEO at 90 °C) of these BCPs. These results were 
found to be in agreement with the theoretical model proposed by Newman, which 
predicts that high modulus polymers are required to inhibit the dendrite growth at the 
lithium metal anode.
43
 Although, the dendrite inhibition studies on high modulus PS-
b-PEO polymers by Balsara and co-workers have demonstrated a significant 
advancement in this area, the low ionic conductivities of these BCP electrolytes have 
limited their application for medium or room temperature Li-metal battery 
applications.  
Clearly, BCP electrolytes are promising candidates for rechargeable Li-metal 
batteries, as demonstrated by their excellent mechanical properties and ability to 
inhibit the dendrite growth at the Li-metal anode. However, due to their low room 
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temperature ionic conductivities, they cannot be used for ambient temperature 
batteries. So far, AB diblock and ABA triblock copolymer systems have been 
investigated for BCP electrolyte applications; ABC triblock systems might be an 
interesting avenue for the active researchers in this area as well. However, extensive 
research will be required in this area for the rational design of new BCP electrolytes 
having both high ionic conductivity at ambient temperature and good dendrite growth 
resistance.  
1.5.1.2 Cross-Linked Polymer Electrolytes 
One of the most effective methods to modify both the crystallinity and 
mechanical properties of the polymer electrolyte is to form a cross-linked structure. 
Cross-linking increases the amount of amorphous phase in the polymer and gives the 
polymer rubber-like characteristics.
84,85 
To date, numerous PEO based cross-linked 
polymers have been investigated for lithium-battery applications including polyether 
copolymers,
71,72,74,75 
acrylate polymers,
77,86,87
 and polyurethane network polymers.
78
 
Selected examples of PEO-based cross-linked SPEs are shown in Table 1.4.  
Watanabe and co-workers reported a conductivity value of 2 × 10
−5
 S/cm at 20 
°C for a network poly(ethylene oxide)-co-poly(propylene oxide) copolymer with 
LiTFSI salt.
71
 Armand and co-workers observed conductivity of 1 × 10
−5
 S/cm at 25 
°C for their PEO based network polymer electrolytes (Table 1.4, entry 2).
74
 Several 
acrylate based network polymer electrolytes
 
have also been tested and have shown 
superior mechanical properties compared to polyether network polymers. Mono 
methacrylate- and di methacrylate- functionalized EO oligomers were employed to 
build polymeric networks of varied crosslinking density and tunable thermal 
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properties.
77,87
 However, the use of polymers containing extremely reactive acrylate 
moieties in conjunction with lithium metal anode still remains questionable.  
 
Table 1.4 Cross-linked polymer electrolytes  
Entry Polymer 
Lithium 
Salt 
Chemical Structure 
Conductivity 
(S/cm) 
@ 
Temperature 
Reference 
      
1 Network polyether 
copolymer 
LiTFSI 
 
 
5.0 × 10
−4
 
30 °C 
88 
 
2 Network 
poly(ethylene 
oxide) polymer 
LiTFSI 
 
 
1.0 × 10
−5
 
20 °C 
74 
3 Network 
poly(ethylene 
oxide)/poly(meth 
acrylate) 
copolymers 
LiCF3SO3 
 
 
1.5 × 10
−6
 
20 °C 
87 
4 Cross-linked 
inorganic-organic 
gel polymer 
electrolytes 
LiCF3SO3 
 
8.9 × 10
−5
 
20 °C 
89 
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While all of these PEO-based cross-linked polymers demonstrate a significant 
advancement in the field of SPEs for LMP batteries, none of these have been tested 
quantitatively to demonstrate their ability to prevent lithium dendrite growth on the 
anode. There are only two reports of poly(methyl methacrylate)
90
 and 
poly(acrylonitrile)
91
 based cross-linked gel polymer electrolytes that have shown to 
inhibit the dendrite growth qualitatively using optical microscopy; however, these 
systems contain flammable organic solvents.  
1.5.1.3 Single-Ion Conductors 
In addition to good chemical and electrochemical stability, superior transport 
properties are required for an ideal polymer electrolyte. Binary lithium salts containing 
polymer electrolytes (e.g. LiX in a dissociating medium) have an ionic contribution 
from both the anion (≈2/3) and Li+ cation (≈1/3). As the electrodes only exchange Li+ 
with the electrolyte, a salt concentration gradient is established during operation with 
very deleterious effects. The growth of lithium metal dendrites is believed to occur 
when the anion concentration goes to zero near the interface.
42
 One way to improve 
the transport properties and minimize the concentration gradients is by using single-
ion conductors (SICs), which have tLi+ ~ 1. SICs are synthesized by the 
immobilization of the counter-anion to either a polymer backbone,
76,92-95
 or nanoscale 
inorganic particle.
96-98
  
The nature of the anions tethered to the polymer backbone plays a crucial role 
in delocalization of the negative change and reducing the ion-pairing interaction with 
the lithium ions, which affects the ionic conductivity. Cowie and co-workers 
synthesized a fluoroalkylsulfonate comb branch copolymers and compared their 
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Table 1.5 Single-ion conductors as solid polymer electrolytes 
Entry Polymer Chemical Structure 
Conductivity  
(S/cm) 
@Temperature 
Reference 
     
1 Poly(styrene 
trifluoromethanesulfonylimide 
of lithium-b-ethylene 
oxide-b-styrene 
trifluoromethanesulfsonylimide 
of lithium) 
 
 
 
1.3 × 10−5 
@60 °C 
92 
2 Poly[4(styrenesulfonyl)(trifluoro
methanesulfonyl)imide] anion 
 
 
σ = 7.65×10−6 
@25 °C 
 
93 
 
3 Polysiloxane single-ion conductor 
 
 
σ = 10−7 
@25 °C 
 
94 
4 Polysiloxane-
trifluoromethylsulfonamide 
polyelectrolytes 
 
1.3×10−6 
@25 °C 
 
50 
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conductivities to the analogous non-fluorinated polymers.
99
 The results of their studies 
demonstrated that fluoropolymers showed higher ionic conductivities than the non-
fluorinated analogues due to electron withdrawing properties of the fluorine, which 
provides a facile release of the Li ion for conduction. Fluorinated anions, such as 
fluoroalkylsulfonate,
99
 trifluoromethylsulfonylimide,
92,93,100-102
 and 
perfluorinatedphenylborate
94
 have been utilized in the literature to increase the ionic 
conductivity of these SICs. Selected recent examples of Li-ion conducting SIC are 
shown in Table 1.5. Armand and co-workers reported P(STFSILi)-b-PEO-b-
P(STFSILi) (Table 1.5, entry 1) single-ion electrolytes that demonstrated reasonable 
ionic conductivity (1.3 × 10−5 S/cm at 60 °C), high Li+ ion transference number 
(~0.85), and enhanced electrochemical stability compared to LiTFSI-doped PS-b-
PEO-b-PS electrolytes.
93
 With the aim of increasing the ionic conductivity, Colby and 
co-workers tethered non-coordinating anions, such as tetraphenylborate and 
(perfluoro)tetraphenylborate to the polysiloxane backbone (Table 1.5, entry 3) and 
studied their thermal and conducting properties.
94
 They found that at similar ion 
content, the SIC with perfluorinated borate exhibited the highest conductivity, 
although the conductivity values were still low (10
−7
 S/cm at 25 °C). The 
electrochemical stability and the transport properties of these ionomers were not 
reported. While all of these SICs exhibit better transport properties and 
electrochemical properties compared to binary lithium salt-doped polymer 
electrolytes, their ambient and medium temperature conductivities are too low, 
typically 10
−7–10−6 S/cm at 25 °C.  
Although SIC polymer electrolytes have shown promise in terms of superior 
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electrochemical properties for lithium battery applications, considerable amount of 
research is still needed in this area for making a practical lithium-based device 
operational at ambient or moderate temperature. Most of the current research efforts 
are focused on developing ionomers with better Li-ion conductivity. Significant 
contributions from both theoretical and experimental scientists are needed to develop a 
better understanding of structure-property relationships, and improve the properties of 
current SIC membranes for battery applications. 
1.5.2 Plasticized Polymer Electrolytes 
Unplasticized SPEs have shown promising ionic conductivity values only at 
elevated temperature (>70 °C) and hence the batteries equipped with these SPEs 
cannot be cycled at lower temperature. In contrast to the unplasticized SPEs, 
plasticized polymer electrolytes can achieve higher ionic conductivity at ambient 
temperature. Commonly used plasticizers are polar organic carbonate liquids, low 
molecular weight oligomers of PEG, and ionic liquids; some examples of these 
plasticizers are shown in Table 1.6. The plasticizers are known to increase the free 
energy volume and lower the glass transition temperature of the polymers. While 
organic carbonates are flammable, oligomers of PEG and ionic liquids are less/non-
flammable.  
Polymers doped with high dielectric organic solvents such as ethylene 
carbonate, dimethyl carbonate, propylene carbonate, etc., are generally known as gel 
polymer electrolytes (GPEs). In these systems, the polymer provides a strong matrix to 
hold the organic liquid solvent, and the polar solvents mainly promote the Li-ion 
conduction by increasing the dissociation of lithium salt and lithium ion mobility. 
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Plasticization of high molecular weight PEO-LiX electrolytes has been reported to 
deteriorate the mechanical properties, although these GPEs displayed ionic 
conductivity values as high as 10
−3
 S/cm at room temperature.
103
 To achieve good 
dimensional stability for GPEs, various researchers have used cross-linking methods 
to trap the liquid plasticizer in the cross-linked polymer matrix. Polyacrylonitrile 
(PAN)
104-106
 and poly(vinylidene fluoride) (PVdF)
107,108
 polymers have been 
investigated to a far greater extent compared to PEO as the matrix to hold the liquid 
plasticizer in the GPEs. Zaghib and co-workers synthesized a GPE by cross-linking 
PEO using electron-beam radiation and plasticized it with EC and γ-butyrolactone.109 
These LiBF4-doped GPEs exhibited high reversible capacity (345 mAh/g) and high 
coulombic efﬁciency (91%).  
Low molecular weight PEG compounds have also been used as the plasticizers 
to improve the electrochemical performance of dry PEO-based SPEs at ambient 
temperature. Mastragostino and coauthors developed a PEG (Mn 500) -doped PEO 
based polyurethane network polymer that showed conductivity of 10
−5
 S/cm at 25 °C; 
however, they did not see a significant increase in conductivity upon addition of 
plasticizer.
110
 Park and co-workers reported an interesting plasticized SPE, wherein 
they incorporated PEG (Mn 250) and PEO based cross-linked electrolyte inside the 
pores of a PE non-woven matrix. The resulting SPE containing 20 wt.% crosslinking 
agent and 80 wt.% non-volatile plasticizer displayed conductivity of 3.1 × 10
−4
 S/cm 
at room temperature.
111
 Kang and co-workers recently reported a multi-armed 
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Table 1.6 Additives used for the plasticized polymer electrolytes 
Additive Chemical Structure 
Flash 
Point 
(°C) 
Melting 
Point 
(°C) 
Boiling 
Point 
(°C) 
Dielectric 
Constant 
Dipole 
moment 
(Debye) 
Organic Carbonates (OC) 
 
      
Ethylene carbonate (EC) 
 
150 36 248 89.8 4.61 
Propylene carbonate (PC) 
 
132 −49 242 64.5 4.81 
Dimethyl carbonate (DMC) 
 
17 5 91 3.11 0.76 
Diethyl carbonate (DEC) 
 
25 −74 126 2.81 0.96 
Ethyl methyl carbonate (EMC) 
 
24 −53 110 2.96 0.89 
Poly(ethylene glycol) (PEG)       
 
Dimethoxy PEG  
 
 
 
156 - >250 - - 
Multi-arm PEG 
 
- - - - - 
Ionic Liquids (IL) 
 
 
     
1-Ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide 
(EMI-TFSI) 
 
- −17 >250 - - 
1-Butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide 
(BMI-TFSI) 
 
- −4 >250 - - 
N-butyl-N-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide 
(BMP-TFSI)  
- −50 >250 - - 
plasticizer-doped PEO- and siloxane-based cross-linked polymer, which exhibited the 
conductivity value of 10
−4
 S/cm at 25 °C.
112
 While all these plasticized SPEs reported 
in the literature are major advances in the conductivity enhancement of solid polymer 
electrolytes, none of these systems have been tested for dendrite growth inhibition 
using Li-metal as the anode, and their effective use in a LMP battery remains 
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unknown. 
Ionic liquids (IL) are salts or mixture of salts that melt at low temperature, 
often below room temperature; they typically consist of an asymmetric bulky organic 
cation and an inorganic anion. These ILs have attracted considerable interest as an 
alternative to organic liquid electrolytes because of several advantages, such as 
negligible vapor pressure, high chemical and thermally stability, non-flammability, 
and in some cases high electrochemical stability and hydrophobicity.
113,114 
Passerini 
and co-workers reported an ionic liquid (N-butyl-N-methylpyrrolidinium bis 
(trifluoromethanesulfonyl)imide (BMP-TFSI); chemical structure is shown in Table 
1.6) -doped ternary composites PEO/IL/LiTFSI that demonstrated higher conductivity 
compared to the neat PEO/LiTFSI polymer electrolytes due to an increase in number 
of charge carriers.
115
 However, the mechanical properties became poor when the 
weight% of the ionic liquid was increased beyond a certain value. Cross-linking has 
been widely used as one of the strategies to obtain highly conducting IL-doped 
polymer composites, while still retaining good mechanical properties.
116-118
 Recently, 
Hillmyer and co-workers reported an ionic liquid (1-Butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (BMI-TFSI)) -doped cross-linked polystyrene and 
PEO copolymers, which exhibited ionic conductivity greater than 1 mS/cm with a 
modulus value approaching 1 GPa at 25 °C.
118
 Interestingly, certain ionic liquids have 
also shown to enhance the uniform lithium deposition on the lithium metal anode, thus 
reducing the lithium dendrite growth.
37
  
In contrast to SPEs, GPEs (plasticized polymer electrolytes containing polar 
organic solvents) have proved their potential for commercial applications because of 
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higher ionic conductivity. Bellcore commercialized the first GPE based Li-ion battery, 
the so-called “polymer Li-ion (PLion) cells”. This innovative technology made use of 
PVdF polymers as the matrix to hold liquid electrolyte in the PLion batteries.
119
 While 
these PLion cells are relatively light and have energy density comparable to the Li-ion 
batteries, they still contain significant weight fraction of the liquid electrolytes and 
hence are flammable. Unlike GPE based technologies, the immediate application of 
plasticized polymers based on PEG and ionic liquids in any commercial 
electrochemical device still remains a challenge.  
1.5.3 Polymer-Ceramic Composites  
The introduction of nanometer-sized ceramic powders, such as Al2O3,
120,121
 
TiO2,
41,122,123
 SiO2,
124
 and ZrO2
125
 to a polymer matrix has been shown to improve the 
mechanical properties, increase the ionic conductivity, and decrease the interfacial 
resistance. Although the mechanism of the effect of these nanoparticles on the ionic 
conductivity is not clearly understood, it has been proposed that these nanoparticles 
reduce the polymer crystallinity.
126 
The concept of incorporating inorganic fillers in 
the polymer matrix was first demonstrated by Weston and Steele,
127
 and since then 
there have been numerous reports on improving the electrochemical properties of the 
polymer electrolyte by doping it with nanoparticles. Bruce and co-workers reported 
PEO-LiClO4 electrolytes doped with nanometer sized TiO2 and Al2O3 powders that 
showed ionic conductivity values of 1.3 × 10
−5
 S/cm at 30 °C, which is approximately 
an order of magnitude higher than the unplasticized PEO electrolytes.
122
 Furthermore, 
unlike liquid plasticizers that lead to deterioration of mechanical properties of the SPE, 
the nano-sized filler particles (solid plasticizers) improved the mechanical properties 
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of these SPEs. Balsara and co-workers reported that a TiO2-doped PS-b-PEO 
electrolyte containing 24 wt% TiO2 nanoparticles exhibited enhanced dendrite growth 
resistance relative to the neat block copolymer electrolyte.
41
 Additionally, both tensile 
and shear moduli of the electrolytes were non-monotonic functions of TiO2 particle 
concentration.  
In summary, polymer-ceramic composite electrolytes are a promising area for 
additional research due to their high ionic conductivities, improved mechanical 
properties, and superior interfacial stability. However, very few literature reports have 
investigated their use in electrochemical cells, suggesting that additional studies are 
still needed for application in commercial devices. 
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 1.6 Conclusions 
Next generation batteries that have theoretical energy densities comparable to 
gasoline – Li-sulfur and Li-O2 – are based on a lithium metal anode. One of the key 
impediments to commercializing these high specific energy batteries is the 
development of an ideal solid polymer electrolyte that not only exhibits high ionic 
conductivity at ambient temperature, but also prevents dendrite growth at the anode. 
Although a large number of studies have been directed towards increasing the ionic 
conductivity of the SPEs, very few experimental papers have addressed the lithium 
dendrite growth issue.
37-41
 Moreover, the polymer electrolyte field is mainly reliant on 
the theoretical predictions for understanding the dendrite growth at the polymer-
electrolyte interface.
42,43
 While some SPEs have demonstrated their viability for high 
temperature Li-metal battery applications (>70 °C), none of the SPEs have so far 
shown promise for lower temperature applications. For these reasons, the development 
of high performance SPEs has been very challenging. An in-depth knowledge of 
structure-property relationships, improved theoretical models, and an interdisciplinary 
approach to polymer design and electrochemical testing will likely be necessary to 
achieve a breakthrough SPE technology.  
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CHAPTER 2 
Suppression of Lithium Dendrite Growth Using Cross-Linked Polyethylene/ 
Poly(ethylene oxide) Polymer Electrolytes: A New Approach for Building Practical 
Li-Metal Batteries 
 
2.1 Abstract 
Solid polymer electrolyte (SPE) membranes are a critical component for high 
specific energy rechargeable Li-metal polymer (LMP) batteries. SPEs are less 
flammable and thus increase the safety of Li-based batteries compared to current state-
of-the-art Li-ion batteries that use flammable organic solvents as electrolytes. 
However, most SPEs exhibit low ionic conductivity at room temperature and often 
allow the growth of lithium dendrites that short-circuit the batteries. Both of these 
deficiencies are significant barriers to the commercialization of LMP batteries. Herein 
we present a cross-linked SPE with both high ionic conductivity (>1.0 × 10
−4
 S/cm at 
25 °C) and excellent dendrite growth resistance. It has been proposed that SPEs with 
high shear storage modulus (G′ > 1.0 × 109 Pa) could be used to suppress lithium 
dendrite growth, leading to increased lifetime and safety for LMP batteries. In contrast 
to the theoretical predictions, the low modulus (G′ ~ 1.0 × 105 Pa) cross-linked SPEs 
reported herein exhibit remarkable dendrite growth resistance. These results suggest 
that a high modulus SPE is not required for dendrite growth prevention. 
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2.2 Introduction 
Current rechargeable Li-ion batteries (LIBs) are important constituents of 
telecommunication devices, laptop computers, portable electronics, stationary grid-
energy storage components, hybrid electric vehicles, and electric vehicles.
1-3
 LIB 
technologies have enabled the transformation of consumer electronics market since 
their launch in 1991 by the Sony Corporation; however these LIBs contain flammable 
organic liquids as an electrolyte component that raises safety concerns.
4
 Several 
incidents including the recent fires in the LIB unit of Tesla Model S and a Boeing 787 
Dreamliner airplane have raised questions about the safety of using LIB for transport 
applications.
5
 Furthermore, the specific energy density of current state-of-the-art LIBs 
is below the US Department of Energy Vehicle Technologies Program’s long-term 
target for the secondary batteries.
6
 Replacing flammable electrolytes and enhancing 
the energy density of Li-based battery technologies are at the forefront of research in 
both academia and industry.
3,7,8  
A rechargeable Li-metal based battery is considered to be one of the most 
promising technologies for energy storage devices due to its high theoretical storage 
capacity, which is facilitated by the use of lithium (Li) metal, instead of lithiated 
graphite (3800 mAhg
-1
 compared to 380 mAhg
-1
, respectively).
9
 Despite these 
attractive features, the use of Li metal in conjunction with liquid electrolytes is 
currently limited by the formation of irregular Li electrodeposits (dendrites) during 
repeated charge-discharge cycles.
10
 These dendrites can ultimately span the inter-
electrode space, short circuit the cell and cause over-heating and thermal run-away. 
Many approaches have been proposed in the literature to delay dendrite nucleation, 
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including alloying Li anodes with other metals
11,12
 and using additives to improve the 
uniformity at the solid electrolyte interface (SEI).
13-16 
Although these strategies are 
promising, the performance suffers due to a reduced anode capacity, and durability is 
lowered by consumption of additives during the formation of the SEI ﬁlms during 
successive charge-discharge cycles. An important scientific goal is the development of 
a solid polymer electrolyte (SPE) that inhibits dendrite growth. There are two main 
theoretical frameworks for understanding dendrite nucleation and propagation in an 
electrolyte. The Chazalviel model proposes that dendrites arise from dissimilar 
transport of cations and anions in an electrolyte. Specifically, anion depletion is 
predicted to produce large electric fields near the lithium electrode that leads to 
enhanced electrodeposition causing dendrites to grow. Electrolytes with higher ionic 
conductivity and reduced anion mobility will delay dendrite nucleation by mitigating 
anion depletion near the electrode-electrolyte interface.
17
 Rosso and co-workers 
demonstrated agreement between the Chazalviel model and measured short-circuit 
lifetimes of lithium metal cells employing poly(ethylene oxide) (PEO) electrolytes.
18
 
In addition, a second framework due to Newman and Monroe considers the effect of 
physical forces such as electrolyte/separator modulus and surface tension on the 
kinetics of lithium electrodeposition. A prediction from this model is that SPEs with 
high shear modulus (G′ > 7 GPa) Newman and Monroe have proposed that solid 
polymer electrolytes (SPEs) with high shear modulus (G′ > 6 GPa) could be used to 
suppress the dendrite growth.
19 
Balsara and co-workers reported mechanically rigid 
microphase separated polystyrene-b-poly(ethylene oxide) (PS-b-PEO) block 
copolymers that showed high resistance to Li dendrite growth, supporting the high 
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modulus theory.
20
 Due to the semi-crystallinity of the PEO phase, the PS-b-PEO block 
polymers exhibited high ionic conductivities (>1.0 × 10
−4
 S/cm) above 90 °C.
21
 
Inspired by this important advance in dendrite resistance, we anticipated there might 
be SPE architectures that simultaneously exhibit higher ionic conductivities at room 
temperature without sacrificing resistance to Li dendrite growth.
 
Electrolyte membranes incorporating poly(ethylene oxide) (PEO) with a 
lithium salt have long been proposed as a viable candidate for LMP batteries.
22,23
 
However, such SPEs have poor conductivities at room temperature due to the 
crystallinity of PEO. Cross-linking is one of the many ways to suppress the 
crystallization of PEO; it increases the amount of amorphous phase in the polymer and 
gives the polymer rubber-like characteristics.
24,25 
To date, numerous PEO based cross-
linked polymers have been investigated for lithium-battery applications including 
polyether copolymers,
26-30 
acrylate polymers,
31,32
 and polyurethane network 
polymers.
33
 Although these network polymers are mechanically rigid, low ionic 
conductivities at room temperature (~1.0 × 10
−5
 S/cm) limit their application. To 
increase the conductivity of network polymers, researchers have studied various 
plasticized SPEs that contain additives such as ionic liquids
34-37
 and low molecular 
weight methoxy-terminated poly(ethylene glycol).
38-41
 While all of these systems 
improve LMP battery performance, none of them meet all the required standards, i.e. 
lasting resistance to dendrite growth and high ionic conductivity of the freestanding 
polymer film at ambient temperature. Moreover, none of these PEO-based cross-
linked SPEs have been tested quantitatively to demonstrate their ability to prevent 
lithium dendrite growth on the anode. To the best of our knowledge, there are only 
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two reports of poly(methyl methacrylate)
42
 and poly(acrylonitrile)
43
 based cross-linked 
gel polymer electrolytes that have been shown, using qualitative optical microscopy 
experiments, to inhibit dendrite growth; however, even these systems had to be 
plasticized with flammable non-aqueous electrolyte solvents, which partially defeats 
the purpose of using a SPE to enhance cell safety. 
Herein, we report our work on a new family of Li-ion conducting SPEs 
comprised of stiff polyethylene (PE) chains covalently cross-linked by poly(ethylene 
oxide) (PEO) segments. Our synthetic route to these unique SPE structures offer the 
advantage of tunability of the PEO segment lengths, which provide precise control of 
the thermal transitions that affect ionic conductivity. Most importantly, these polymer 
electrolytes display both high ionic conductivity and excellent dendrite growth 
suppression than any other reported SPE. 
2.3 Results and Discussion 
We recently reported the synthesis of high performance cross-linked alkaline 
anion exchange membranes for fuel cell applications using ring opening metathesis 
polymerization (ROMP) route.
44
 We expected that a similar synthesis strategy could 
be used to create a PEO based Li-ion conducting polymer electrolyte that could also 
act as an effective separator in the lithium-battery. We designed a SPE that is cross-
linked with PEO segments and contains a polyethylene (PE) backbone using an 
orthogonal-tandem catalysis approach
45 
(Figure 2.1). Constraining the PEO chains by 
incorporating them into a cross-linker reduces the crystallinity of PEO in the 
copolymers. Poly(ethylene oxide) cross-linker, PEOX (1) was readily synthesized 
from inexpensive starting materials in excellent yields.
46
 Cyclooctene (COE) was
49 
 
Figure 2.1 Polyethylene/poly(ethylene oxide) solid polymer electrolyte (SPE) 
synthesis and nomenclature. 
 
copolymerized with 1 in the presence of Grubbs’ second-generation catalyst (G2 
catalyst) in THF in a fluoropolymer-lined dish.
47
 After slow evaporation of the solvent 
at 50 °C, thin translucent films were obtained. Upon hydrogenation of these 
unsaturated films catalyzed by the iridium catalyst trapped within the amorphous 
crosslinked matrix, the mechanical strength of membranes greatly improved, and they 
were further examined by electrochemical tests.
48
 Some of the SPEs were designed to 
include controlled fractions of free methoxy-terminated polyethylene glycol (PEG) 
oligomers as plasticizers to assess their effect on conductivity and mechanical 
properties of the membranes. To gain better understanding of this PE-PEO cross-
linked solid polymer electrolyte system, a variety of polymer electrolyte samples were 
prepared by varying the cross-linker length, [COE]:[1] ratio, and weight percentage 
(wt%) of the plasticizer. To evaluate the effect of cross-linker length on the ionic 
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conductivity of SPEs, three PEOX cross-linkers with 33, 76, and 123 ethylene oxide 
(EO) repeat units were synthesized (Table 2.1). Nine different dry SPEs were prepared 
using three different cross-linkers and at three different [COE]:[1] ratios (Table 2.2). 
The nomenclature used for these SPEs is described in Figure 2.1; each component in 
the SPE is given a symbol (e.g. PEOX for the PEO in the cross-linker), the number of 
repeat units for each of the components are shown in the superscripts, and the mole 
fractions in the subscripts. 
The compositions and thermal properties of all the cross-linked PE-PEO based 
SPEs are listed in Table 2.2. The SPEs containing the cross-linker with 33 EO units 
(
33
PEOX: entries 1–3), showed no melting transition (Tm) of the PEO segments, 
indicating that the PEO domains of the cross-linked SPE are essentially amorphous. 
Interestingly, electrolytes with 76 EO units in the cross-linker (
76
PEOX: entries 4–6), 
exhibited glass transition temperatures (Tgs) of about −49 °C which are lower than the 
Tgs observed for 
33
PEOX SPEs (Tg ~ −44 °C), suggesting moderately enhanced  
 
Table 2.1 PEO functionalized cross-linker 
a
Determined by 
1
H NMR spectroscopy. 
b
Determined by THF gel permeation 
chromatography calibrated with polystyrene standards at 30 °C. 
c
Determined by 
differential scanning calorimetry analysis of the second heat cycle. 
entry 
EO units in 
the 
cross-linker
a
 
Mn (NMR)
a
 
kg/mol 
Mn (GPC)
b
 
kg/mol 
PDI
b
 
Tm
c
 
(°C) 
ΔHfus
c
 
(J/g) 
       
1 33 1.8 1.3 1.1 34 124.9 
2 76 3.7 3.5 1.1 47 132.4 
3 123 5.8 5.4 1.1 52 153.7 
  
5
1
 
Table 2.2 Compositions and DC ionic conductivities of unplasticized PE-PEO cross-linked SPEsa 
entry Unplasticized SPE 
[COE]:[1] 
ratio 
PE Segmentsb 
 
PEO Segmentsc 
 
DC Ionic 
Conductivity 
at 25 °Ce   
(S/cm) 
Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
Tg
d
 
(°C) 
Tc
d
 
(°C) 
Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
1 (33PEOX0.32)(
34PE0.68) 15:1   89 20.0  −45 n.d.
f
 n.d.f n.d.f  5.2 × 10−6 
2 (33PEOX0.40)(
24PE0.60) 10:1   82 14.8  −45 n.d.
f
 n.d.f n.d.f  9.0 × 10−6 
3 (33PEOX0.47)(
18PE0.53)   7:1   61   6.4  −43 n.d.
f
 n.d.f n.d.f  8.3 × 10−6 
4 (76PEOX0.51)(
34PE0.49) 15:1   94 11.8  −49 −20 23    5.4  2.3 × 10
−5
 
5 (76PEOX0.60)(
24PE0.40) 10:1   88 10.1  −50 −19 26    9.4  2.8 × 10
−5
 
6 (76PEOX0.66)(
18PE0.34)    7:1   74   2.9  −48 −14 25   5.6  3.1 × 10
−5
 
7 (123PEOX0.64)(
34PE0.36) 15:1 111 10.1  −38 n.d.
f
 39 18.6  8.2 × 10−6 
8 (123PEOX0.72)(
24PE0.28) 10:1 103   1.2  −39 n.d.
f
 37 12.6  8.4 × 10−6 
9 (123PEOX0.77)(
18PE0.23)    7:1    97   1.1  −38 n.d.
f
 38 16.1  7.4 × 10−6 
a
All films had [EO]:[Li] composition of 20:1; where EO means ethylene oxide units in the PEOX cross-linker. 
b
PE 
segments: Polyethylene domains in the polymer electrolyte. 
c
PEO segments: Polyethylene oxide domains in the polymer 
electrolyte. 
d
Glass transition temperature (Tg), cold crystallization temperature (Tc), and melting temperature (Tm) were 
determined by differential scanning calorimetry of the second heat cycle. 
e
Determined by dielectric spectroscopy 
measurements. See Experimental Section for more details. 
f
Not detected. 
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segmental motion of the PEO in 
76
PEOX electrolytes. Furthermore, 
76
PEOX SPEs 
exhibited both a cold crystallization temperatures (Tcs) and Tms near room temperature 
in the PEO segments during the heating cycle of the DSC, while no crystallization 
temperature was observed in the cooling cycle on DSC. This can be attributed to the 
low cross-linking density of the network polymers, allowing the PEO chains to 
rearrange and crystallize in the network when enough energy is provided in the 
heating cycle during DSC.
49
 For the SPEs containing 123 EO units (
123
PEOX: entries 
7–9), Tms of around 38 °C were observed and the Tgs were much higher than those of 
polymer electrolytes containing 33 and 76 EO units in the cross-linker, suggesting that 
the PEO functionalized cross-linker length was too large to prevent the crystallization 
of PEO in the network structure. Furthermore, among the polymer electrolytes with 
different cross-linker lengths and the same ratio of [COE]:[1] (e.g. comparison of 
entries 1, 4, and 7), 
33
PEOX polymer electrolytes had the smallest polyethylene (PE) 
crystallites in the network (lowest Tm), which could be explained by the relatively 
higher cross-linking density in these SPEs that inhibited the PE crystallization in the 
network. Also, for polymer electrolytes having the same cross-linker length (e.g. 
entries 1–3), higher [COE]:[1] ratios yielded materials with better mechanical 
integrity.  
The ionic conductivities of the unplasticized SPEs were tested and the values 
are shown in Figure 2.2. It is clear that there is a significant effect of PEOX length on 
the ionic conductivity of the polymer electrolytes (e.g. comparison of ionic 
conductivities of entries 1, 4, and 7 at constant [COE]:[1] ratio). However, no 
substantial changes in ionic conductivities were observed when the number of 
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ethylene repeat units between the cross-links was changed by varying the [COE]:[1] 
ratio (e.g. comparison of ionic conductivities of 
76
PEOX electrolytes: entries 4, 5, and 
6).
 
Although PEO domains in the 
33
PEOX
 
SPEs were completely amorphous (no Tm) 
and 
76
PEOX electrolytes had crystalline PEO domains in the network structure, 
76
PEOX electrolytes exhibited the highest ionic conductivities of 2.7 × 10
−5
 S/cm, 
which are roughly three times more than that observed for the 
33
PEOX and 
123
PEOX 
electrolytes (<10
−5
 S/cm) and more than four times higher than the PEO-LiTFSI (σ of 
7.2 × 10
−6 
S/cm at [EO]:[Li] 18:1 and 25 °C). We postulate that the surprisingly high 
ionic conductivity of the 
76
PEOX electrolytes is a direct consequence of the low Tg of 
these SPEs, allowing enhanced segmental motion of PEO in the amorphous domains 
thus facilitating lithium-ion conduction.
 
Among the 
76
PEOX electrolytes tested,  
 
 
Figure 2.2 Ambient temperature DC ionic conductivities of unplasticized cross-linked 
PE/PEO SPEs. 
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(
76
PEOX0.66)(
18
PE0.34) exhibited maximum ionic conductivity (3.1 × 10
−5
 S/cm at 25 
°C), which is comparable to those reported by other research groups for amorphous 
PEO network polymers. For instance, Watanabe and co-workers reported the 
conductivity value of 2 × 10
−5
 S/cm at 20 °C for a network poly(ethylene oxide)-co-
poly(propylene oxide) copolymer with LiTFSI salt.
26
 Armand and co-workers 
observed conductivity of 1 × 10
−5
 S/cm at 25 °C for their PEO based network polymer 
electrolytes.
28
 Even though the ionic conductivity values of these PE-PEO cross-linked 
SPEs are similar to the other PEO-based unplasticized network polymers reported in 
the literature, we hypothesized that our unique polymer electrolyte design could prove 
advantageous for a LMP separator, because these network SPEs have mechanically 
strong and electrochemically stable polyethylene segments, which chemically 
resemble commercially available separators.
50
  
It has been proposed that ionic conductivities greater than 1 × 10
−4
 S/cm are 
necessary for SPEs to function in commercial batteries that require ambient 
temperature operation.
1
 However, PEO polymers exhibit low conductivity (<1 × 10
−4
 
S/cm) at room temperature due to the crystalline domains.
51
 Recently, Hawker and co-
workers reported a copolymer of ethylene oxide and allyl glycidyl ether that showed 
an ionic conductivity of 5 × 10
−5
 S/cm at 25 °C.
52 
We were able to achieve similar 
ionic conductivities for some PEO-based cross-linked SPEs (Table 2.2, entries 4–6), 
while still retaining good mechanical properties. Once the unplasticized SPE with the 
highest ionic conductivity was identified (2.7 × 10
−5
 S/cm at 25 °C for 
76
PEOX SPEs), 
poly(ethylene glycol) dimethylether (PEG; Mn  275 Da and flash point 156 °C) was 
  
5
5
 
 
 
Table 2.3 Compositions of plasticized PE-PEO cross-linked SPEsa 
entry Plasticized SPE 
Weight% of 
the    
plasticizer 
PE Segmentsb 
 
PEO Segmentsc 
Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
Tg
d
 
(°C) 
Tc
d
 
(°C) 
Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
1e (70PEOX0.50)(
34PE0.50) 0 94 11.8  −49 −20 23   5.4 
2 e (70PEOX0.43)(
34PE0.43)(
5PEG0.14) 17 91 14.8  −54 −22 15   8.3 
3 e (70PEOX0.39)(
34PE0.39)(
5PEG0.22) 25 97 19.5  −57 −22 16 12.8 
4 e (70PEOX0.34)(
34PE0.35)(
5PEG0.31) 32 95 20.1  −61 −26 18 14.9 
5 e (70PEOX0.30)(
34PE0.31)(
5PEG0.39) 40 96 14.8  −65 −29 14 11.6 
6f (5PEG1.00) 100 n.a.
g
 n.a.g  −88 n.d.h n.d.h  n.d.h 
a
All films had [EO]:[Li] composition of 20:1; where EO includes ethylene oxide units contained both in the PEOX cross-
linker and PEG plasticizer. 
b
PE segments: Polyethylene domains in the polymer electrolyte. 
c
PEO segments: Polyethylene 
oxide domains in the polymer electrolyte. 
d
Glass transition temperature (Tg), cold crystallization temperature (Tc), and 
melting temperature (Tm) were determined by differential scanning calorimetry of the second heat cycle. 
e
All films had 80 
EO units in the cross-linker and [COE]:[1] loading of 15:1. 
f
Sample 
5
PEG1.00: Dimethyl poly(ethylene glycol), Mn 250 Da 
with [EO]:[Li] composition of 20:1 for comparison purposes. 
g
Not applicable. 
h
Not detected. 
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added as a plasticizer to improve the ionic conductivity and support higher 
charge/discharge rates. Since the (
76
PEOX0.51)(
34
PE0.49) sample had better mechanical 
properties (qualitative tests), samples of this framework were prepared with varying 
amounts of PEG (16, 24, 31, and 39 wt%) to obtain plasticized cross-linked SPEs.
53
 
Compositions and thermal characteristics of the plasticized samples are reported in 
Table 2.3. Addition of plasticizer led to a significant decrease in Tg from −47 °C (0 
wt% PEG) to −65 °C (31 wt% PEG). Also, a significant decrease in the Tc and Tm 
corresponding to the PEO segments in the plasticized SPEs (entries 1–5) was observed 
indicating that the PEO crystallization is hindered by incorporating small PEG 
oligomers into the cross-linked network. The temperature dependent ionic  
 
Figure 2.3 Plot of DC ionic conductivity as a function of temperature for 
70
PEOX 
electrolytes having different weight percent of PEG275 plasticizer. All films had 
[COE]:[1] ratio of 15:1 and [EO]:[Li] composition of 18:1. The conductivity of a PEO 
900 kDa sample with [EO]:[Li] ratio of 18:1 is also shown for comparison purposes.  
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conductivities of these cross-linked plasticized SPEs at various wt% of PEG (16, 24, 
31, 39 wt%) are shown in Figure 2.3. Notably, SPE with 39 wt% PEG (entry 5) 
showed an ionic conductivity value of 2.0 × 10
−4 
S/cm, which is an order of magnitude 
higher than the unplasticized SPE (0 wt% plasticizer; entry 1). By comparison, 
Mastragostino and coauthors developed a PEG (Mn 500) doped PEO based 
polyurethane network polymer that showed conductivity of 10
−5
 S/cm at 25 °C; 
however, they did not see a significant increase in conductivity upon addition of 
plasticizer.
40
 Park and co-workers reported an interesting plasticized SPE, wherein 
they incorporated PEG (Mn 250) and PEO based cross-linked electrolyte inside the 
pores of a PE non-woven matrix. The resulting SPE with 20 wt% crosslinking agent 
and 80 wt% non-volatile plasticizer displayed conductivity of 3.1 × 10
−4
 S/cm at room 
temperature.
54
 Kang and co-workers recently reported a multi-armed plasticizer doped 
PEO/siloxane-based cross-linked polymer, which exhibited a conductivity value of 1.0 
× 10
−4
 S/cm at 25 °C.
38
 While all of these plasticized SPEs reported in the literature 
offer major improvements in conductivity for solid polymer electrolytes, none have 
been tested for the ability to influence lithium dendrite nucleation and growth in a 
battery.  
Inspired by the dendrite studies reported by Balsara and co-workers,
20
 we 
performed galvanostatic lithium plate/strip electrochemical cycling measurements in 
symmetric Li/SPE/Li cell to quantify the effect of our PE-PEO cross-linked SPEs on 
the lifetime of lithium-metal based batteries. Measurements were performed at 
variable current densities, J, using a three hour lithium plating followed by a three
  58 
          
 
Figure 2.4 Galvanostatic cycling curve obtained for (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) 
at fixed current density of 0.65 mA/cm
2
 and 90 °C. The short circuit time (tsc) is 
labeled; Cd value is 645 C/cm
2
. 
 
hour lithium stripping routine until a sudden drop in voltage was observed. This large 
decline in voltage was attributed to the formation of dendrite short. The representative 
example for the cycling results is shown in Figure 2.4. The SPE’s resistance to 
dendrite growth is here quantified in terms of total charge passed, Cd, at the time of 
cell failure by dendrite-induced short-circuits. At a current density of 0.5 mA/cm
2
 and 
measurement temperature of 90 °C the unplasticized solid polymer electrolyte, 
(
70
PEOX0.50)(
34
PE0.50) with only a modest shear modulus (Gʹ ~ 10
5
 Pa at 90 °C), 
displays an order of magnitude higher Cd value (1185 C/cm
2
 at J = 0.50 mA/cm
2
 and 
90 °C) than reported for high modulus PS-b-PEO block copolymers (105 C/cm
2
 at J = 
  59 
0.26 mA/cm
2
 and 90 °C).
20
 Our finding demonstrates that a separator exhibiting high 
shear storage modulus is not a requirement to inhibit dendrite growth. Since it took 
about a month to short-circuit this cell operating near the upper threshold of current 
density allowed by the unplasticized SPE, we selected one sample, 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31), a plasticized SPE (31 wt% PEG) with high ionic 
conductivity (σ ~ 1.6 × 10−4 S/cm at 25 °C) and reasonable storage modulus (G ~ 1.0 
× 10
5
 Pa at 90 °C), to measure Cd at variable current densities (0.26 mA/cm
2–1.0 
mA/cm
2
) and 90 °C.  
Figure 2.5 reports Cd values as a function of current density for a high molar 
mass PEO standard (Mn 900 kDa), PS-b-PEO, and (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31). 
The PE-PEO cross-linked SPE displayed significantly higher Cd values than observed 
for PEO (Mn 900 kDa) sample at all the measured current density values. Notably, it 
displayed a Cd value of 1790 C/cm
2 
that is more than an order of magnitude greater 
than reported for PS-b-PEO block copolymers (Cd value of 105 C/cm
2
) under the same 
testing conditions (0.26 mA/cm
2
 and 90 °C).
55
 At higher current density values (>0.26 
mA/cm
2
), the cells short-circuit faster and Cd values are consequently lower. 
Significantly, even under these harsher measurement conditions (cells cycled at 
significantly higher current density), the PE-PEO cross-linked SPE displayed a higher 
Cd value (156 C/cm
2
 at J = 1.30 mA/cm
2
 and 90 °C) compared to PS-b-PEO block 
copolymer (105 C/cm
2
 at J = 0.26 mA/cm
2
 and 90 °C). Recently, Balsara and co-
workers reported TiO2-doped PS-b-PEO block copolymer, that showed better dendrite 
growth suppression than the PS-b-PEO block copolymers (Cd value of 1766 C/cm
2 
compared to 374 C/cm
2
 at 0.17 mA/cm
2
 and 90 °C).
56,57
 The SPE reported
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Figure 2.5 Galvanostatic cycling tests. The cycling data showing Cd as a function of 
current density at 90 °C for (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) polymer electrolyte (●), 
PS-b-PEO polymer (▲), and PEO 900 kDa (). The cells were cycled at constant 
current density with each half cycle of 3 h until a short circuit was observed.  
 
herein, i.e. (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) displayed a Cd value (1790 C/cm
2
 at 0.26 
mA/cm
2
 and 90 °C; 3 hour charge-discharge cycle) comparable to those exhibited by 
TiO2-doped PS-b-PEO block copolymer (1766 C/cm
2
 at 0.17 mA/cm
2
 and 90 °C; 4 
hour charge- discharge cycle). This result is notable because the dendrite tests for PE-
PEO cross-linked copolymer were conducted at higher current density compared to 
TiO2-doped PS-b-PEO block copolymer (0.26 mA/cm
2
 for PE-PEO cross-linked 
copolymer compared to 0.17 mA/cm
2
 for TiO2-doped PS-b-PEO block copolymer).  
To further demonstrate the application of these PE-PEO cross-linked SPEs at 
lower temperatures, galvanostatic cycling tests were also performed at 55 °C. The 
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(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) polymer electrolyte exhibited Cd values of 564 C/cm
2 
and 544 C/cm
2
 at 0.40 mA/cm
2
 and 0.65 mA/cm
2
, respectively. These results are of 
significant interest because the high Cd values of these SPEs indicate their ability to 
inhibit dendrite growth, and the high ionic conductivity value of 7.0 × 10
−4
 S/cm at 55 
°C supports their application for moderate temperature Li-metal battery operation. We 
are currently investigating the origins of the unique ability of our PE-PEO cross-linked 
SPEs to resist the proliferation of lithium dendrites in secondary batteries using 
metallic lithium anodes. Judging from the chemistry and shear mechanical properties 
of our PE-PEO cross-linked electrolytes, it is likely that Li
+
 ions see a tortuous 
nanoporous network of the conducting PEO phase as it migrates through the 
electrolyte. Such a network would facilitate migration of Li
+
 ions, but could frustrate 
growth of micron-sized Li dendrites,
58
 perhaps explaining the superior performance of 
our materials. Clearly significant amount of research is needed to more concretely 
relate the unique structure of our materials to their ability to retard dendrite growth.  
Dendrite resistance of selected SPEs was also examined using more 
conventional, but much harsher galvanostatic polarization conditions. In this approach 
the voltage response in a symmetric Li/SPE/Li cell is studied during continuous one 
direction plating at a prescribed current density. In these measurements, the Li/SPE/Li 
symmetric cells were polarized at current densities in the range 0.26–1.0 mA/cm2 at 90 
°C until the voltage drop was observed. These tests were conducted to investigate the 
efficiency of lithium plating from the cross-linked polymer electrolyte. A typical 
polarization curve at current density (0.65 mA/cm
2
) and 90 °C is shown in Figure 2.6.
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Figure 2.6 Galvanostatic polarization curve obtained for 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) at fixed current density of 0.65 mA/cm
2
 and 90 °C. 
The short circuit time (tsc) is indicated in the plot.  
 
 
Remarkably, we found that cells galvanostatically polarized at current densities of less 
than or equal to 0.26 mA/cm
2
 were able to plate the entire Li electrode without short 
circuit; in these cases, divergence of the potential halted testing. This finding means 
that a lithium battery operated under these conditions would not fail by dendrite-
induced short circuits. To characterize the short circuit times (tsc) at 0.26 mA/cm
2
, it 
was necessary to laminate multiple Li foil layers (thickness ~ 800 μm) to increase the 
amount of source Li in the electrode being stripped. Figure 2.7 shows the variation of 
the measured cell short circuit time, tsc, with current density (0.26 mA/cm
2–1.0 
mA/cm
2
) for the cross-linked SPEs at 90 °C. Duplicate measurements were performed 
for two cross-linked samples at a specified current density value and the results were
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Figure 2.7 Galvanostatic polarization tests. Plot of short-circuit time as a function of 
current density at 90 °C for various 
70
PEOX electrolytes having different weight% 
(wt%) of the plasticizer (PEG275). A PEO 900 kDa sample is also shown for 
comparison purposes.   
 
found to be within 5% error. Since the tests were time consuming, we performed only 
single measurements for rest of the cross-linked SPEs and the results are shown in 
Figure 2.7. The short circuit times of the SPEs (Table 2.3, entries 1–5) are 
significantly higher than those seen for the high molar-mass PEO-LiTFSI samples (Mn 
900 kDa) made in our laboratory and all other reported SPEs to date.
18,60–62 
Rosso and co-workers reported that the onset of the dendrite growth and the 
growth velocity of the dendrites for PEO-LiTFSI electrolytes were in agreement with 
the prediction of the Chazalviel model.
18
 However, while we find tsc ~ J
−2
, consistent 
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with transported-limited dendrite growth assumed in the Chazalviel model, our 
experimental tsc values are an order of magnitude or more higher than expected tsc 
values based on this theory for most compositions.
59
 We conclude that there are 
additional physical features present in the PE-PEO cross-linked SPEs that provide 
enhanced retardation of dendrites than expected. Regardless of the dendrite growth 
inhibition mechanism, these PE-PEO cross-linked SPEs exhibit superior capacity to 
inhibit dendrite growth compared to all current materials over the entire range of 
current densities studied. In particular, at 0.26 mA/cm
2
 and 90 °C, we observed tsc 
values of 357 h and 430 h for the unplasticized SPE (Table 2.3, entry 1) and 39 wt% 
plasticized SPE (entry 5) respectively. In terms of Cd, these values are equivalent to 
334 C/cm
2
 and 403 C/cm
2
, though the test method is much more severe than 
galvanostatic cycling. By comparison, Rosso and co-workers reported a tsc of 2 h at 
0.25 mA/cm
2 
and 90 °C for PEO-LiTFSI polymer electrolytes.
18 
Liu and co-workers 
doped silica nanofillers
60
 and ionic liquids
61
 in the PEO-LiTFSI polymer electrolytes, 
and observed tsc of 90 h and 135 h respectively at 0.25 mA/cm
2
 and 60 °C. They were 
able to increase the short circuit time to 168 h by doping it with both nano-SiO2 and 
ionic liquid;
62
 however, their reported short-circuit times (tests conducted at 60 °C) are 
still two times lower than our best PE-PEO cross-linked SPEs (tests conducted at 90 
°C) reported herein. Note that all of the above referenced SPEs measure the short-
circuit time using visualization cells with the inter-electrode distance of 1 mm, instead 
of Li/polymer/Li symmetric coin cells used for our tests.
18,60-62
 Due to much larger 
inter-electrode separation distance, the dendrites will short these visualization cells 
slower than coin cells, suggesting that the reported short-circuit times in these reports 
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are larger than expected in an actual cell. This suggests that the ability to resist the 
dendrite growth using the PE-PEO cross-linked SPEs disclosed herein is significantly 
higher than any other SPE reported in the literature to date. 
2.4 Conclusions 
In summary, we have developed a facile synthetic approach for the synthesis of 
a PE-PEO cross-linked SPE system that displays both high conductivity (>10
−4
 S/cm 
at 25 °C) and exceptional dendrite growth resistance. The cross-linked polymer 
electrolyte reported herein exhibits unprecedented levels of lithium dendrite growth 
resistance (demonstrated by highest Cd value and longest short circuit time reported to 
date). The combination of excellent dendrite growth resistance and high conductivity 
will allow the use of these SPEs in rechargeable LMP battery technology for high 
energy density applications. In addition, they are also potential electrolyte components 
for next generation high energy density Li battery technologies, lithium-sulfur and 
lithium-air batteries, which utilize Li metal as an anode material. We are currently 
studying the performance of these electrolytes in battery devices using a lithium-metal 
anode and standard LiCoO2 cathode material. We believe that our unique polymer 
electrolyte design will spur investigation in the scientific community regarding the 
potential mechanisms of dendrite growth inhibition. 
2.5 Experimental 
2.5.1 General Considerations 
All reactions and manipulations of air and moisture sensitive compounds were 
carried out under dry nitrogen using a Braun UniLab drybox or standard Schlenk line 
techniques unless otherwise specified. 
1
H NMR spectra were collected in deuterated 
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solvents on a Varian INOVA 500 spectrometer and referenced with residual non-
deuterated solvent shifts (CHCl3 = 7.26 ppm) and are reported relative to 
tetramethylsilane (δ = 0 ppm). 13C NMR spectra were recorded on Varian INOVA 
(
13
C, 125 MHz) spectrometer and referenced to chloroform (δ 77.23 ppm). High-
resolution mass spectrometry (HRMS) analyses were performed at the Mass 
Spectrometry Laboratory at the University of Illinois at Urbana-Champaign. 
 Gel permeation chromatography (GPC) analyses were carried out using an 
Agilent PL-GPC 50 integrated system, equipped with UV and refractive index 
detectors, and 2 PL gel Mini-MIX C columns (5 micron, 4.6 mm ID). The GPC 
columns were eluted with tetrahydrofuran at 30 °C at 0.3 mL/min and were calibrated 
with monodisperse polystyrene standards. Differential scanning calorimetry (DSC) 
analyses of polymer samples were performed on a TA Instruments Q1000 instrument 
equipped with liquid nitrogen cooling system. Polymer samples were made in 
aluminum pans and heated under nitrogen from −100 °C to 180 °C at a rate of 10 °C 
per minute and then cooled to −100 °C at a rate of 10 °C per minute, followed heating 
to 180 °C at a rate of 10 °C per minute. The glass transition temperature (Tg) and the 
melting temperature (Tm) were recorded from the second heating run.  
 The thickness of the cross-linked solid polymer electrolytes for all 
measurement purposes was 200 ± 30 μm. The conductivity data of the polymer 
electrolytes was obtained over a range of frequencies (0.1 to 3 × 10
6
 Hz) and 
temperature (−5 °C to 100 °C) using a Novocontrol Dielectric Broadband 
Spectrometer fitted with a Quatro temperature control system. Conductivity 
measurements were performed using blocking/solid polymer electrolyte 
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(SPE)/blocking cell orientation, using gold plated stainless steel electrodes. Symmetric 
lithium coin cells (Li/SPE/Li) for short-circuit measurements were prepared in an 
argon filled MBraun glovebox using Hohsen components, size 2032, with 9.9 mm 
diameter lithium electrodes and a 12.7 mm diameter cross-linked electrolyte sample. 
Coin cell crimping was performed with a MTI electric crimping machine to ensure 
uniformity. Lithium/SPE/Stainless Steel (Li/SPE/SS) coin cells were prepared in an 
argon filled MBraun glovebox using Hohsen components, size 2032, with 9.9 mm 
diameter lithium electrodes and a 12.7 mm diameter cross-linked electrolyte sample. 
The cyclic voltammetric measurements were performed on Li/SPE/SS coin cells using 
a VersaStat 3 potentiostat (Princeton Applied Research) controlled by VersaStudio 
software. The potential was scanned from −0.2 V to 4.5 V at 1 mV/s sweep rate and 
22 °C. Galvanostatic cyclic short-circuit measurements were performed on Li/SPE/Li 
symmetric coin cells using a Neware CT-3008 battery tester with wiring into (Fisher 
Scientific and VWR) convection ovens to maintain T = 90°C. The cells were cycled at 
constant current density with each half cycle of 3 h until a sudden drop in voltage was 
observed. Galvanostatic polarization measurements were performed on Li/SPE/Li 
symmetric coin cells using a Neware CT-3008 battery tester. The storage G′(ω) and 
loss G′′(ω) moduli were quantified using small amplitude oscillatory shear 
measurements. Anton Paar Physica MCR 301 rheometer with 10 mm diameter parallel 
plates was used for rheological measurements. The ac impedance spectroscopy 
measurements were made using Li/SPE/Li symmetric coin cells prepared in an argon 
filled MBraun glovebox, using a Novocontrol Broadband Dielectric Spectrometer 
fitted with a Quatro temperature control system at frequency ranging from 2 KHz to 
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900 MHz and at an amplitude of 10 mV. 
2.5.2 Materials 
 Sodium hydride (95%), 1,5-cyclooctadiene, cis-cyclooctene (95%), meta-
chloroperoxybenzoic acid, Grubbs’ 2nd Generation catalyst 
(Cl2(iMes)(PCy3)Ru=CHPh), and Crabtree’s catalyst [(COD)Ir(py)(PCy3)]PF6 were 
purchased from Sigma-Aldrich and used as received. 
Bis(trifluoromethane)sulfonimide lithium salt, LiTFSI (99.95% trace metals basis) 
was purchased from Sigma-Aldrich and dried in vacuo at 90 °C for 24 h and 
transferred directly into the glove box. Ethylene oxide was purchased from Sigma-
Aldrich and dried over n-BuLi before use. Dimethyl poly(ethylene glycol), PEG275 
(Mn (NMR) = 275 Da; Mn (Sigma-Aldrich label) = 250 Da) was bought from Sigma-
Aldrich, dried over activated 3 Å sieves for 48 hours, and degassed by three freeze 
pump thaw cycles before use. Dibromo-p-xylene (97%) was purchased from Alfa 
Aesar and used as received. Sodium hydroxide and sodium chloride were purchased 
from Mallinckrodt and used as received. HPLC grade tetrahydrofuran was purchased 
from Fisher Scientific and dried over an alumina column and degassed by three freeze 
pump thaw cycles before use. Chloroform was dried over P2O5 and distilled prior to 
use. Hydrogen (99.99%) was purchased from Airgas. CDCl3 was purchased from 
Cambridge Isotope Laboratories (CIL) and used as received.  
 Following a literature procedure,
63
 5-hydroxy-1-cyclooctene was prepared, 
dried over activated 3 Å sieves, and degassed by three freeze pump thaw cycles before 
use. Potassium naphthalenide in THF was prepared from naphthalene and potassium at 
a concentration of 0.59 M (titrated with a standard benzoic acid solution until a 
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persistent green color was observed as an end-point of the titration) and degassed by 
three freeze pump thaw cycles before use. 
2.5.3 Synthesis  
2.5.3.1 Synthesis of the PEO Functionalized Cross-linker  
 
Scheme 1 General scheme for the synthesis of cross-linker 1. 
 
Preparation of (Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-ene (2): A 
suspension of NaH (2.65 g, 105 mmol) in anhydrous THF (150 mL) was treated 
dropwise with 5-hydroxycyclooct-1-ene (8.65 g, 68.5 mmol) and heated to 70 °C 
under N2 for 16 h. This solution was cooled to room temperature and dropwise 
cannula transferred to the solution of α,α′-dibromo-p-xylene (27.5 g, 104 mmol) in 
anhydrous THF (150 mL) at 22 °C under N2, which led to the instantaneous 
precipitation of salts in a bright yellow solution. The resulting solution was stirred at 
22 °C for 16 h and quenched with minimum amount of ethanol until the effervescence 
ceased. The solution was filtered and the filtrate was concentrated on a rotary 
evaporator to yield a colorless oil. Hexanes were added (~150 mL) to the crude 
reaction mixture to recrystallize out excess dibromo-p-xylene. Dibromo-p-xylene was 
filtered and the filtrate was concentrated on rotary evaporator to yield colorless oil, 
which was further purified by column chromatography on silica using 1:1 
CH2Cl2/hexanes. Desired product was isolated as colorless oil (7.1 g, 34%). 
1
H NMR 
OH
1) NaH, THF, reflux
2) 1.5 eq. Dibromo-p-xylene
O
Br
OH
1) Potassium naphthalenide in THF
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O
O
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n
2 OO
O
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O
1
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(500 MHz, CDCl3) δ 7.43 – 7.28 (m, 4H), 5.79 – 5.52 (m, 2H), 4.57 – 4.36 (m, 4H), 
3.54 – 3.40 (m, 1H), 2.59 – 1.18 (m, 10H). 13C NMR (126 MHz, CDCl3) δ 139.71, 
136.84, 130.19, 129.50, 129.14, 127.85, 80.32, 69.85, 34.32, 33.57, 33.33, 25.87, 
25.68, 22.78. HRMS (ESI) m/z calculated for C16H21ONaBr (M + Na
+
) 331.0673, 
found 331.0681. 
 
Figure 2.8 
1
H NMR spectrum of (Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-ene 
(2). Signal at 7.26 ppm is the residual CHCl3. 
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Preparation of the PEO functionalized cross-linker (1): In a N2 glovebox, a 
Fischer-Porter bottle was charged with 5-hydroxycyclooct-1-ene (144 mg, 1.14 mmol) 
solution in THF (2.0 mL). 0.59 M THF solution of potassium naphthalenide (1.9 mL, 
1.1 mmol) was added to the alcohol solution dropwise resulting in a dark green 
solution. The vessel was sealed with the reactor head and the apparatus was removed 
from the box and stirred at 22 °C for 1 h. The solution was cooled to −78 °C and 
ethylene oxide (3.58 g, 81.3 mmol) was then condensed into it. The solution was 
allowed to warm to room temperature over 16 h. After 16 h, the living alkoxide end 
group was capped with 2 (0.43 g, 1.4 mmol), which resulted in immediate 
precipitation of white KBr salt. The reaction mixture was stirred at 50 °C for 5 h and 
then allowed to warm to room temperature. The salts formed were filtered over a 
Celite plug and the filtrate was partially concentrated on rotary evaporator. PEO 
functionalized cross-linker was then precipitated in ~200 mL hexanes. The resulting 
white powder (3.3 g, 84%) was dried in vacuum at 30 °C for several hours until its 
mass was constant. 
1
H NMR (500 MHz, CDCl3) δ 7.26 (m, 4H), 5.70 – 5.46 (m, 4H), 
4.61 – 4.32 (m, 4H), 3.61 (s, 305H), 3.32 (ddd, J = 9.9, 7.8, 4.3 Hz, 1H), 2.71 – 1.29 
(m, 20H). 
13
C NMR (126 MHz, CDCl3) δ 138.39, 137.17, 129.95, 129.88, 129.26, 
129.21, 127.59, 127.31, 80.75, 79.77, 72.85, 72.35, 70.42, 69.78, 69.18, 67.51, 61.49, 
34.10, 33.99, 33.23, 33.06, 25.65, 25.61, 25.47, 25.41, 22.55, 22.51. 
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Figure 2.9 
1
H NMR Spectrum of PEO functionalized cross-linker (1) of molecular 
weight 3.7 kg/mol. Signal at 7.26 ppm is the residual CHCl3. 
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2.5.3.2 Synthesis of Cross-Linked Solid Polymer Electrolytes (SPEs) 
I. Unplasticized Cross-Linked SPE 
General Scheme for the Synthesis of Unplasticized Cross-Linked SPE 
 
Scheme 2.2 General scheme for the synthesis of unplasticized cross-linked SPE. 
 
Nomenclature of Unplasticized Cross-Linked SPE 
(
a
PEOXl)(
b
PEm) 
where 
PEOX: PEO in the cross-linker; PE: Polyethylene; a: average number of ethylene 
oxide (EO) units in PEOX cross-linker; b: average number of ethylene (E) units 
between the crosslinks; l: moles of EO units in the PEOX/ total moles of EO and E 
units; m: moles E units in the PE mainchain/ total moles of EO and E units; l + m = 1 
Calculations for l, m, and n 
l′ = (mmoles of PEOX) × a 
m′ = [(mmoles of COE) × 4] + [(mmoles of PEOX) × 8] 
   
  
     
  
   
  
     
 
Cyclooctene (COE)
+ LiTFSI, THF, 50 °C
1) 0.1 mol% Grubbs II catalyst
0.5 mol% Crabtree's catalyst
2) 600 psi H2, 100 °C, 16 h
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(Hydrogenation)
Poly(ethylene oxide) Cross-Linker (PEOX) 1
OO
O
O
a
O
O
O
O
x y
a
x y
Unplasticized Hydrogenated Cross-Linked Polymer
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Sample Procedure for the Synthesis of Unplasticized Cross-Linked SPE, 
(
33
PEOX0.32)(
34
PE0.68): Cross-linker 1 (156 mg, 0.0872 mmol) with 33 EO units in the 
cross-linker and COE (179 μL, 1.37 mmol) were combined and dissolved in 1.5 mL of 
THF. Grubbs’ 2nd generation catalyst (1.2 mg, 0.0015 mmol) dissolved in 0.5 mL of 
THF was added to the monomer mixture, followed by addition of LiTFSI (45 mg, 0.16 
mmol). Crabtree’s catalyst (6.0 mg, 0.0075 mmol) dissolved in 0.5 mL CHCl3 was 
then added to the resultant solution and shaken 
vigorously for a minute. It was then transferred to a 
metal dish (fluoropolymer-lined, diameter of 5.25 cm 
and depth of 3.0 cm) placed in a volume glass 
chamber bearing two Kontes glass valves on top. The 
chamber was placed on top of the hot plate equipped 
with a metal plate to ensure uniform heating and film 
was casted under N2 flow at 50 °C (set-up is shown in 
Figure 2.10) for 3 h. After the solvent evaporated off, 
the Kontes valves were closed and the glass chamber 
was taken in the glove box. Hexane was added to the metal dish in order to release the 
film from the dish. The film was dried in vacuum at 22 °C for 24 h and then placed in 
a Parr reactor and sealed. It was pressurized to 600 psig with hydrogen and then 
vented down to 50 psig. This process was repeated twice more to purge the reactor of 
air, then pressurized to 600 psig and heated to 100 °C. After 16 h, it was cooled, 
vented and the hydrogenated film was dried under vacuum at 22 °C.  
  
Figure 2.10 Experimental 
set-up for the synthesis of 
SPE under inert conditions. 
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II. Plasticized Cross-Linked SPEs 
General Scheme for the Synthesis of Plasticized Cross-Linked SPE 
 
Scheme 2.3 General scheme for the synthesis of plasticized cross-linked SPE. 
 
 
Nomenclature of Plasticized Cross-Linked SPE 
(
a
PEOXl)(
b
PEm)(
c
PEGn) 
where 
PEOX: PEO in the cross-linker; PE: Polyethylene; PEG: Dimethyl poly(ethylene 
glycol); a: average number of ethylene oxide (EO) units in PEOX cross-linker; b: 
average number of ethylene (E) units between the crosslinks; c: average number of EO 
units in PEG plasticizer; l: moles EO units in PEOX/ total moles of EO and E units; 
m: moles E units in PE mainchain/ total moles of EO and E units; n: moles EO units 
in PEG/ total moles of EO and E units; l + m + n = 1.   
 
Calculations for l, m, and n 
l′ = [(mmoles of PEOX) × a] 
m′ = [(mmoles of COE) × 4] + [(mmoles of PEOX) × 8] 
Poly(ethylene oxide) Cross-Linker (PEOX) 1
Cyclooctene (COE)
O
O
O
O
x y
Plasticized Hydrogenated Cross-linked Polymer
OO
O
O
a
Dimethyl Poly(ethylene glycol) (PEG)
MeO
O
Me
c
x y
a
MeO
O
Me
c
LiTFSI, THF, 50 °C
1) 0.2 mol% Grubbs II catalyst
0.5 mol% Crabtree's catalyst
2) 600 psi H2, 100 °C, 16 h
(ROMP)
(Hydrogenation)
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n′ = [(mmoles of PEG) × 5] 
   
  
        
  
   
  
        
 
   
  
        
 
 
Sample procedure for the Synthesis of Plasticized Cross-Linked SPE with the 
Optimized EO units in the Cross-linker, (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31): Cross-
linker 1 (121 mg, 0.0352 mmol) with 70 EO units in the cross-linker and COE (73 μL, 
0.56 mmol) were combined and dissolved in 1.5 mL of THF. Grubbs’ 2nd generation 
catalyst (1.2 mg, 0.0015 mmol) dissolved in 0.5 mL of THF was added to the 
monomer mixture, followed by addition of LiTFSI (79 mg, 0.28 mmol) and PEG275 
(120 mg, 0.436 mmol). Crabtree’s catalyst (2.8 mg, 0.0075 mmol) dissolved in 0.5 mL 
CHCl3 was added to the resultant solution and shook vigorously for a minute. It was 
then transferred to a metal dish (fluoropolymer-lined, diameter of 5.25 cm and depth 
of 3.0 cm) and solution casted in the similar manner to the dry film as described 
above. The film was dried in vacuum at 22 °C for 24 h and then placed in a Parr 
reactor equipped with an overhead stirrer and sealed. It was pressurized to 600 psig 
with hydrogen and then vented down to 50 psig. This process was repeated twice more 
to purge the reactor of air, then pressurized to 600 psig and heated to 100 °C. After 16 
h, Parr reactor was cooled, vented and the plasticized SPE was dried under vacuum at 
22 °C for 24 h. 
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2.5.4 Control Experiments 
I. Testing the activity of Grubbs’ second generation catalyst in the presence of 
additives  
 The activity of Grubbs’ second-generation catalyst (G2 catalyst) in the 
presence of additives (LiTFSI and Crabtree’s catalyst) was examined by doing control 
experiments. The cross-linked SPE films discussed above are insoluble and hence 
cannot be analyzed using NMR and GPC techniques. To gauge the activity of G2 
catalyst for the cross-linked system, we studied a solvent processable model 
copolymer system. COE was copolymerized with PEG-grafted COE
64
 using G2 
catalyst in the absence and presence of additives to obtain unsaturated copolymers (3), 
which were analyzed by GPC to determine the activity of the G2 catalyst (Scheme 
2.4). 
 
 
Scheme 2.4 Copolymerization of COE with PEG-grafted COE. 
 
 
Sample procedure for the synthesis of copolymers of COE and PEG-grafted COE 
without any additive: PEG-grafted COE (34 mg, 0.051 mmol) with 10 EO units in 
the graft and COE (85 mg, 0.77 mmol) were combined in a 5 mL scintillation vial and 
dissolved in 1.0 mL of THF. G2 catalyst (0.7 mg, 0.0008 mmol) dissolved in 0.5 mL 
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of THF was added to the monomer mixture. The reaction mixture was heated at 50 °C 
for 3 h, cooled to room temperature, and concentrated under reduced pressure to yield 
a light brown polymer. The polymer thus obtained was further analyzed by GPC 
analysis. 
 
Results and discussion 
 Ring opening metathesis polymerization (ROMP) experiments were done to 
determine the activity of G2 catalyst in the presence and absence of LiTFSI and 
Crabtree’s catalyst (Table 2.4, entries 1-3). The GPC results indicate that the 
molecular weights of the unsaturated copolymers change upon addition of LiTFSI and 
Crabtree’s catalyst to the monomer mixture. However, the G2 catalyst was still very 
active in the presence of these additives, implying that the ROMP should have 
proceeded efficiently for the PE-PEO cross-linked polymer system as well.  
 
Table 2.4 Control experiments to estimate Grubbs’ 2nd catalyst activity for the cross-
linked system 
Entry No. LiTFSI 
(mmol) 
Crabtree’s catalyst  
(mol%) 
Mn
a
 
(kg/mol) 
Mw/Mn
a
 
 
     
1 - - 60 1.8 
2 0.038 - 96 1.6 
3 0.038 0.5 83 1.4 
a
Number average molecular weight (Mn) and weight average molecular weight (Mw)  
were determined by THF gel permeation chromatography calibrated with polystyrene 
standards at 30 °C. 
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II. Testing the activity of Crabtree’s catalyst in the polymer film 
 To estimate the activity of the hydrogenation catalyst (Crabtree’s catalyst), a 
PEG-grafted COE comonomer was used instead of the PEOX cross-linker (1) to 
obtain soluble hydrogenated copolymer that could be analyzed using 
1
H NMR 
spectroscopy. COE was copolymerized with PEG-grafted COE using G2 catalyst in 
the presence of LiTFSI and Crabtree’s catalyst to yield the unsaturated polymer film 
(Figure 2.11). The unsaturated polymer film was hydrogenated under the same 
conditions as the cross-linked system to obtain soluble hydrogenated copolymer (4). 
The hydrogenated polymer was analyzed by 
1
H NMR spectroscopy to determine 
percent conversion of the hydrogenation reaction.  
 
Figure 2.11 Synthesis of soluble hydrogenated copolymer. 
 
 
Experimental procedure: PEG-grafted COE (66 mg, 0.14 mmol) with 6 EO units in 
the graft and COE (245 mg, 2.10 mmol) were combined and dissolved in 1.5 mL of 
THF. G2 catalyst (2.0 mg, 0.0024 mmol) dissolved in 0.5 mL of THF was added to 
the monomer mixture, followed by addition of LiTFSI (22 mg, 0.070 mmol). 
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Crabtree’s catalyst (9.5 mg, 0.012 mmol) dissolved in 0.5 mL CHCl3 was added to the 
resultant solution and shaken vigorously for a minute. It was then transferred to a 
metal dish (fluoropolymer-lined, diameter of 5.25 cm and depth of 3.0 cm) and 
solution cast in the similar manner to the dry film as described for the cross-linked 
system. The sticky polymer film was dried in vacuum at 22 °C for 24 h and then 
placed in a Parr reactor equipped with an overhead stirrer and sealed. It was 
pressurized to 600 psig with hydrogen and then vented down to 50 psig. This process 
was repeated twice more to purge the reactor of air, then pressurized to 600 psig and 
heated to 100 °C. After 16 h, the Parr reactor was cooled to room temperature, vented, 
and the polymer film was dried under vacuum at 22 °C for 24 h. 
Analysis of the soluble hydrogenated copolymer (4) 
 The hydrogenated polymer was analyzed using 
1
H NMR spectroscopy 
measurements. The 
1
H NMR spectra of the unsaturated copolymer and the 
hydrogenated copolymer are shown in Figure S5. The integrations of the multiplet 
signal at δ 5.5 ppm (corresponding to the alkene protons in the polymer backbone and 
highlighted in the Figure 2.12) were analyzed compared to the integrations of the 
signal at δ 4.6 ppm (corresponding to the benzylic hydrogens) to determine the percent 
hydrogenation of unsaturated copolymer. 
1
H NMR analysis indicated 95% conversion, 
confirming that the activity of Crabtree’s catalyst was still very good in the solid 
polymer film. This result demonstrated that the catalyst was able to diffuse through the 
polymer domains of the unsaturated copolymer film and hydrogenate the double bonds 
along the backbone.  
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Figure 2.12 
1
H NMR spectra of the unsaturated copolymer, 3 (top) and the 
hydrogenated copolymer, 4 (bottom). The 
1
H NMR spectrum for 3 was acquired in 
CDCl3 at 22 °C and the signal at 7.26 ppm in the top spectrum is the residual CHCl3. 
The 
1
H NMR spectrum for 4 was acquired in 1,1,2,2-tetrachloroethane-d2 (TCE-d2) at 
130 °C and the signal at 6.00 ppm in the bottom spectrum is the residual TCE-d1.  
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2.5.5 Differential Scanning Calorimetry (DSC) 
 DSC analysis was performed using a TA Instruments Q1000 instrument 
equipped with liquid nitrogen cooling system and automated sampler. Typical DSC 
samples were made in aluminum pans and the method used was 10 °C/ min ramp, with 
one cycle of heating, cooling, and heating again. The DSC data of the second heat 
cycle for the unplasticized samples with variable EO units in the PEOX cross-linker 
(33, 76, and 123) and at [COE]:[1] loading of 15:1 is shown in Figure 2.13. 
Electrolytes containing 76 EO units in the PEOX cross-linker exhibited the lowest Tg 
values suggesting that 
76
PEOX electrolytes had moderately better segmental motion of 
PEO chains in the SPEs.  
 
Figure 2.13 DSC traces of the second heat cycle for unplasticized crosslinked solid 
polymer electrolytes with variable EO units in the cross-linker, 1. All films had 
[COE]:[1] loading of 15:1, and [EO]: [Li] composition of 18:1. a) 33, b) 76, and c) 
123 EO units in the cross-linker.  
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 With the aim of increasing the ionic conductivity of these polymer electrolytes, 
varied amounts of PEG275 plasticizer were added to the polymer framework with the 
optimized EO units. For the plasticized sample set, a new batch of PEOX cross-linker 
was synthesized to obtain approximately 76 EO units. Since it is challenging to control 
the exact amount of EO, the PEOX cross-linker with 70 EO units (
70
PEOX) was 
employed instead of 
76
PEOX cross-linker. DSC traces of the second heat cycle for the 
70
PEOX electrolytes having different weight% of the PEG275 plasticizer are shown in 
Figure 2.14. 
 
Figure 2.14 DSC traces of second heat cycle of 
70
PEOX electrolytes having different 
weight% of the plasticizer. All films had [COE]:[1] ratio of 15:1 and [EO]:[Li] 
composition of 18:1. a) 0 wt%, b) 16 wt%, c) 24 wt%, d) 31 wt%, and e) 39 wt% 
PEG275 plasticizer in the cross-linked films. 
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2.5.6 DC Ionic Conductivity 
 The DC ionic conductivity at each temperature was determined from the 
plateau value of the plot of real part of the conductivity as a function of frequency, as 
described in seminal work by Jonscher.
65
 A sample plot of Re[conductivity] vs. 
frequency is shown in Figure 2.15. The inset shows a plot of Re[conductivity], 
Im[conductivity], and tan(delta) at variable frequency for the representative sample at 
25 °C.  
 Conductivity measurements are estimated to be accurate to ±5%, the accuracy 
of determining the film thicknesses. The DC ionic conductivity values of unplasticized 
SPEs at variable temperatures are given in Table 2.5. 
76
PEOX electrolytes exhibited 
highest ionic conductivity values of around 2.7 × 10
−5
 S/cm (entries 4–6) at room 
temperature. This is presumably due to better segmental motion of PEO chains in the 
76
PEOX SPEs as suggested by the lowest Tg of these 
76
PEOX electrolytes. At higher 
temperatures (above 50 °C), the crystalline PEO domains in the 
123
PEOX electrolytes 
melted, and hence the conductivity values of 
76
PEOX and 
123
PEOX are similar in 
magnitude. Variable temperature DC ionic conductivity values of plasticized 
70
PEOX 
electrolytes with different weight% of PEG275 plasticizer are reported in Table 2.6. 
The ionic conductivity values for PEO-LiTFSI sample (entry 6) at different 
temperature are also listed. Below the melting temperature of PEO (<50 °C), all the 
70
PEOX electrolytes (entries 1–5) showed higher conductivity values than PEO-
LiTFSI sample due to the highly crystalline PEO domains in PEO-LiTFSI sample. 
Most importantly, samples with 31 and 39 wt% of the PEG275 plasticizer (entries 4 
and 5) showed conductivity values greater than 1.0 × 10
−4
 S/cm at ambient 
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temperature. 
 
 
Figure 2.15 Real part of the ionic conductivity vs. frequency plot for 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) sample at variable temperatures. Inset shows the real 
conductivity (Sigʹ), imaginary conductivity (Sigʺ), and tan(delta) vs. frequency plot for 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) electrolyte at 25 °C.  
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Table 2.5 DC ionic conductivities of unplasticized solid polymer electrolytes
a 
Entry  Sample Name 
DC Ionic Conductivity (S/cm)
b
 
−5 °C   10 °C 25 °C    40 °C    55 °C   70 °C    85 °C      100 °C 
          
1 (
33
PEOX0.32)(
34
PE0.68) 1.3 × 10
−7
 1.1 × 10
−6
 5.2 × 10
−6
 1.8 × 10
−5
 4.5 × 10
−5
 9.3 × 10
−5
 1.7 × 10
−4
 2.5 × 10
−4
 
2 (
33
PEOX0.40)(
24
PE0.60) 1.9 × 10
−7
 1.7 × 10
−6
 9.0 × 10
−6
 3.2 × 10
−5
 8.3 × 10
−5
 1.8 × 10
−4
 3.2 × 10
−4
 4.8 × 10
−4
 
3 (
33
PEOX0.47)(
18
PE0.53) 2.0 × 10
−7
 1.7 × 10
−6
 8.3 × 10
−6
  2.8 × 10
−5
 7.3 × 10
−5
 1.5 × 10
−4
 2.6 × 10
−4
 4.0 × 10
−4
 
4 (
76
PEOX0.51)(
34
PE0.49) 1.0 × 10
−6
 5.0 × 10
−6
   2.3 × 10
−5
 7.7 × 10
−5
 1.9 × 10
−4
 3.7 × 10
−4
 6.1 × 10
−4
 9.0 × 10
−4
 
5 (
76
PEOX0.60)(
24
PE0.40) 2.2 × 10
−7
 2.5 × 10
−6
    2.8 × 10
−5
 1.0 × 10
−4
 2.3 × 10
−4
 4.6 × 10
−4
 7.6 × 10
−4
 1.1 × 10
−3
 
6 (
76
PEOX0.66)(
18
PE0.34) 1.3 × 10
−6
 8.5 × 10
−6
    3.1 × 10
−5
 1.1 × 10
−4
 2.3 × 10
−4
 3.8 × 10
−4
 5.3 × 10
−4
 7.1 × 10
−4
 
7 (
123
PEOX0.64)(
34
PE0.36) 5.1 × 10
−8
 7.8 × 10
−7
    8.2 × 10
−6
 5.5 × 10
−5
 2.0 × 10
−4
 4.4 × 10
−4
 7.5 × 10
−4
 1.1 × 10
−3
 
8 (
123
PEOX0.72)(
24
PE0.28) 4.8 × 10
−8
 7.6 × 10
−7
    8.4 × 10
−6
 5.6 × 10
−5
 2.1 × 10
−4
 4.0 × 10
−4
 6.7 × 10
−4
 1.0 × 10
−3
 
9 (
123
PEOX0.77)(
18
PE0.23) 5.2 × 10
−8
 7.4 × 10
−7
    7.4 × 10
−6
 6.2 × 10
−5
 2.2 × 10
−4
 4.1 × 10
−4
 6.7 × 10
−4
 1.0 × 10
−3
 
a
All films had [EO]:[Li] composition of 18:1; where EO means ethylene oxide units in the PEOX cross-linker. 
b
Determined by 
dielectric spectroscopy measurements.  
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Table 2.6 DC ionic conductivities of plasticized solid polymer electrolytes
a
 
a
All films had [EO]:[Li] composition of 18:1; where EO includes ethylene oxide units contained both in the PEOX cross-linker and PEG 
plasticizer
.
. 
b
Determined by dielectric spectroscopy measurements. 
c
All films had 70 EO units in the cross-linker and [COE]:[1] loading 
of 15:1. 
d
Sample PEO (900 kDa) is poly(ethylene oxide), Mn 900 kDa polymer doped with LiTFSI salt having [EO]:[Li] composition of 
18:1 for comparison purposes. 
 
 
 
Entry Sample Name 
DC Ionic Conductivity (S/cm)
b
 
−5 °C    10 °C 25 °C      40 °C 55 °C 70 °C 85 °C    100 °C 
          
1
c
 (
70
PEOX0.50)(
34
PE0.50) 1.2 × 10
−6
 7.6 × 10
−6
    3.1 × 10
−5
 8.8 × 10
−5
 1.8 × 10
−4
 3.1 × 10
−4
 4.5 × 10
−4
 6.1 × 10
−4
 
2
c
 (
70
PEOX0.43)(
34
PE0.43)(
5
PEG0.14) 2.6 × 10
−6
 1.4 × 10
−5
    5.1 × 10
−5
 1.4 × 10
−4
 3.1 × 10
−4
 5.5 × 10
−4
 8.6 × 10
−4
 1.2 × 10
−3
 
3
c
 (
70
PEOX0.39)(
34
PE0.39)(
5
PEG0.22) 4.4 × 10
−6
 2.1 × 10
−5
 7.0 × 10
−5
 1.7 × 10
−4
 3.6 × 10
−4
 6.1 × 10
−4
 9.2 × 10
−4
 1.2 × 10
−3
 
4
c
 (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) 1.3 × 10
−5
 5.2 × 10
−5
  1.6 × 10
−4
 3.7 × 10
−4
 7.0 × 10
−4
 1.2 × 10
−3
 1.7 × 10
−3
 2.3 × 10
−3
 
5
c
 (
70
PEOX0.30)(
34
PE0.31)(
5
PEG0.39) 1.8 × 10
−5
 7.1 × 10
−5
   2.0 × 10
−4
 4.3 × 10
−4
 7.9 × 10
−4
 1.3 × 10
−3
 1.8 × 10
−3
 2.6 × 10
−3
 
6
d
 PEO (900 kDa) 3.6 × 10
−8
 7.5 × 10
−7
   7.2 × 10
−6
 6.6 × 10
−5
 3.9 × 10
−4
 7.6 × 10
−4
 1.2 × 10
−3
 1.8 × 10
−3
 
  88 
2.5.7 Cyclic Voltammetry Measurements 
 
 The electrochemical stability window of the SPE was determined by cyclic 
voltammetry. The cyclic voltammogram of (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) is shown 
in Figure 2.16. The cross-linked SPE is stable up to 4.0 V versus Li
+
/Li, which is in 
agreement with the previously reported electrochemical stability of PEO-LiTFSI 
polymer electrolytes.
66
  
 
Figure 2.16 Cyclic voltammogram obtained for (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) at 1.0 
mV/s and 22 °C. 
 
2.5.8 Galvanostatic Cycling Measurements 
 Galvanostatic cycling short-circuit measurements were performed on 
Li/SPE/Li symmetric coin cells using a Neware CT-3008 battery tester with wiring 
into (Fisher Scientific and VWR) convection ovens to maintain T = 90 °C. Repeated 
three hour charge and three hour discharge cycles were performed at the specified 
current density value, with no rest periods, following an initial 24 hour period of three 
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hour charge and three hour discharge cycling at a lower current density (10% of the 
final value). The cells were cycled at constant current density with each half cycle of 3 
h until a sudden drop in voltage was observed. This large decline in voltage was 
attributed to the formation of dendrite short. 
2.5.9 Galvanostatic Polarization Measurements 
 Galvanostatic polarization measurements were performed on Li/SPE/Li 
symmetric coin cells using a Neware CT-3008 battery tester. These tests were 
conducted to investigate the efficiency of lithium plating from the cross-linked 
polymer electrolyte. 
Calculation of the predicted short-circuit time via the Chazalviel model 
 When a cell containing a binary electrolyte undergoes polarization at high 
current densities, the concentration of anions approaches zero at the deposition 
interface and a divergence in the potential occurs at Sand’s time, τs. Chazalviel 
predicted that the onset time of the dendrite growth for cells containing dilute, binary, 
monovalent electrolytes operating at high current density follows a power law as a 
function of the current density, very similar to the Sand’s law given by17:  
 𝜏   𝜋𝐷 (
   
    
) 2
           
                                    (1)        
 
where τs is the Sand’s time, D is the ambipolar diffusion coefficient (m
2/s), e is the 
elementary charge (C), C0 is the ion concentration (#/m
3), J is the applied current 
density (A/m2), and ta is the anion transference number (non-dimensional). 
 Previous reports
18,67,68 
find that the dendrite nucleation time of symmetric 
lithium cells containing a PEO-LiTFSI electrolyte undergoing galvanostatic 
polarization at high current density values is roughly equal to Sand’s time and thus fit 
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the Chazalviel’s model. Experimental work has shown that dendrite onset occurs at 
this timescale even at low current densities, when finite anion concentrations are 
predicted at the interface and a stable potential exists in cells being galvanostatically 
polarized at steady-state.
18
  
 Optical measurements
69
 have indicated that the dendrite front advances at the 
same rate as the anion depletion zone retreats across the cell, at a speed 
 𝑣  𝜇 𝐸                                                      (2) 
where 𝜇  is the anion mobility (m
2
/V/s) and the electric field 𝐸  𝐽 𝜎 (V/m), where 𝜎 
is the DC ionic conductivity (S/m), at moderate fields, also as predicted by 
Chazalviel.
5
 The time required for dendrites to traverse the distance L between 
electrodes can therefore be approximated as 
     
  
   
                                                     (3) 
where tg is the dendrite growth time and L is the interelectrode distance. Therefore, the 
predicted short circuit time, tsc according to the Chazalviel model is  
              ≈  𝜏      𝜋𝐷 (
   
    
) 2   
  
   
                     (4) 
where tg is the dendrite growth time and τs is the Sand’s time (dendrite onset time). 
The short circuit time has been shown by optical measurements to be equivalent to the 
drop-off in the potential observed during galvanostatic polarization experiments.  No 
immediate drop in the cell potential is observed before the dendrite spans the 
interelectrode space and short circuits the cell.
68 
Knowledge of the mobile ion concentration in conjuction with ionic 
conductivity data allows the ambipolar diffusion coefficient D to be calculated using 
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the Nernst-Einstein equation: 
 𝐷   
   
    
  (5)  
where 𝜆 is the molar DC ionic conductivity (S-m2/mol), k is the Boltzmann constant 
(J/K), T is temperature (K), and q is the charge of the diffusing species (C).  The molar 
DC ionic conductivity, 𝜆, is related to the measured DC ionic conductivity (σ) via the 
following relationship: 
  𝜆   𝜎 𝑛⁄   (6) 
where n is the molar ion concentration (mol/m3) and .  
  For the purposes of this publication, Co of a given electrolyte is calculated by 
determining the relative volume fractions of the PE and PEO domains by considering 
the weight fraction of PE and PEO in the copolymer, and assuming that the density of 
PE is 0.90 g/cm3, the density of the PEO is 1.1 g/cm3, and the density of the 
PEO/LiTFSI domain is 1.38 g/cm3.  PEO doped with LiTFSI to a concentration of 
1:18 Li:EO is calculated to have 𝑛  1.17 M, assuming an ideal mixture.   It is also 
assumed that all of the LiTFSI is dissociated, contributing to the effective 𝐶  and to 
the ionic conductivity, as has been found experimentally for other PEO-LiTFSI 
electrolytes.70 
 The lithium transference number,     , of electrolyte 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) was measured via the Bruce-Scrosati method
71 
to be 
0.16 ± 0.01 at 90 °C.  Therefore, the anion transference number for this sample is as 
follows:    = 1 -     = 0.84 ± 0.01 at 90 °C.  The anion transference number of the 
other samples under consideration was assumed to be equivalent to this value.  
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 The interelectrode distance, 𝐿, was assumed to be equal to the average electrolyte 
film thickness, 200 μm. Finally, the anion mobility, 𝜇 , was computed from the 
Einstein relation as  
   𝜇  
    
  
                                                     (7) 
 The predicted short circuit times (tsc predicted) for the 
70
PEOX electrolytes with 
different weight% of the plasticizer were calculated according to the Chazalviel model 
as given by equation 4. Table 2.7 displays the computed parameters that were used to 
calculate tsc predicted at 90 °C and variable current density values (0.25 – 1.0 mA/cm
2
). 
The representative values of the predicted short-circuit times at 0.26 mA/cm
2
 are also 
shown in Table 2.7.  
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Table 2.7 Predicted short-circuit times for 70PEOX electrolytes using Chazalviel modela 
Entry Sample Name 
Sigma, σ 
(S/cm) 
Co 
(#/m
3
) 
D 
(m
2
/s) 
μa 
(m
2
/V/s) 
0.26 mA/cm
2
 Current Density 
τs 
(h) 
tg 
(h) 
tsc pred 
(h) 
         
1 (
70
PEOX0.50)(
34
PE0.50) 5.0 × 10
−4
 3.6 × 10
26
 2.8 × 10
−11
 7.4 × 10
−10
 4.1 1.5 5.6 
2 (
70
PEOX0.43)(
34
PE0.43)(
5
PEG0.14) 9.6 × 10
−4
 4.1 × 10
26
 4.6 × 10
−11
 1.2 × 10
−9
 8.9 1.7 11 
3 (
70
PEOX0.39)(
34
PE0.39)(
5
PEG0.22) 1.0 × 10
−3
 4.3 × 10
26
 4.6 × 10
−11
 1.2 × 10
−9
 10 1.8 12 
4 (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) 1.9 × 10
−3
 4.6 × 10
26
 8.1 × 10
−11
 2.2 × 10
−9
 20 1.9 22 
5 (
70
PEOX0.30)(
34
PE0.31)(
5
PEG0.39) 2.1 × 10
−3
 4.9 × 10
26
 8.3 × 10
−11
 1.0 × 10
−9
 23 2.0 25 
a
All films had 70 EO units in the cross-linker and [COE]:[1] loading of 15:1. The composition of [EO]:[Li] in each of the sample is 18:1; where EO includes 
ethylene oxide units contained both in the PEOX cross-linker and PEG plasticizer
.
. 
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 The experimentally observed tsc values were compared to the tsc predicted values 
for the 
70
PEOX SPEs at variable current density values, and the data are shown in 
Figure 2.17. We observed an order of magnitude higher tsc values than predicted by 
Chazalviel model for most compositions of the PE-PEO cross-linked SPEs. While the 
absolute values of the short-circuit times are well above the tsc values predicted by the 
model, the functional dependence of the tsc with respect to the applied current density 
is similar to that predicted by the model. 
     
 
Figure 2.17 Comparison of measured tsc with the predicted short-circuit times for 
70
PEOX electrolytes having different weight% of the plasticizer at 90 °C. All films 
had [COE]:[1] ratio of 15:1 and [EO]:[Li] composition of 18:1. The observed tsc 
values are shown with hollow symbols and the calculated values as predicted by 
Chazalviel model are shown as solid lines.  
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2.5.10 Rheology 
 The storage G′(ω) and loss G′′(ω) moduli were quantified using small 
amplitude oscillatory shear measurements. An Anton Paar Physica MCR 301 
rheometer with 10 mm diameter parallel plates was used for rheological 
measurements. The properties were measured as a function of applied angular 
frequency at low strain (0.1%) and 90 °C. The shear rheology for the 
70
PEOX 
electrolytes (Table 2.3) is displayed in Figure 2.18. Both the unplasticized (0 wt% 
PEG275) and plasticized polymer electrolytes (16, 24, 31 and 39 wt% PEG275) 
exhibit solid-like properties, as evident by the frequency independent moduli. Also, 
the G′(ω) of these SPEs is an order of magnitude higher than G′′(ω), suggesting that 
these electrolytes act as an elastic solids. The storage moduli, G′ of these PE-PEO 
cross-linked polymer electrolytes is ~ 10
5
 Pa at 90 °C. 
 The shear rheology measurement for PEO 900 kDa sample at 90 °C was also 
performed and the data is shown in Figure 2.19. The frequency dependent moduli of 
PEO sample indicate that it has fluid-like properties as opposed to the PE-PEO cross-
linked samples. The storage moduli, G′ of the PEO sample was observed to be ~ 4 × 
10
4 
Pa at 10 rad/s, 0.1% strain and 90 °C. 
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Figure 2.18 Rheological measurements on 
70
PEOX electrolytes having different 
weight% of the plasticizer at 90 °C. All films had [COE]:[1] ratio of 15:1 and 
[EO]:[Li] composition of 18:1. Storage modulus G′(ω) is shown with filled symbols, 
and the loss modulus G′′(ω) is shown with hollow symbols. a) 0 wt%, b) 16 wt%, c) 
24 wt%, d) 31 wt%, and e) 39 wt% PEG275 plasticizer in the cross-linked films. 
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Figure 2.19 Rheological measurements on PEO 900 kDa sample
 
with [EO]:[Li] 
composition of 18:1 at 90 °C. Storage modulus G′(ω) is shown with filled symbols, 
and the loss modulus G′′(ω) is shown with hollow symbols.  
 
2.5.11 Electrochemical Impedance Spectroscopy (EIS) 
 The ac impedance spectroscopy measurements were made using Li/SPE/Li 
symmetric coin cells prepared in an argon filled MBraun glovebox, using a 
Novocontrol Broadband Dielectric Spectrometer fitted with a Quatro temperature 
control system at frequency ranging from 2 KHz to 900 MHz and at an amplitude of 
10 mV. Impedance spectra for the 
70
PEOX electrolytes were measured as a function of 
wt% of the plasticizer at 18 °C (Figure 2.20a). The bulk resistance (Rb) of the polymer 
electrolytes decreases significantly with the increase in the amount of PEG275 in the 
SPEs, while interfacial resistance (Ri) remains relatively constant. The variable 
temperature impedance spectra for (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) are shown in 
Figure 2.20b. The electrolyte exhibit low interfacial resistance (~10 Ω/cm2) in contact 
with lithium metal at 90 °C. Notably, at elevated temperatures the measured interfacial 
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resistance is lower than that of the bulk resistance.  
 
 
Figure 2.20 a) Impedance spectra for 
70
PEOX electrolytes with varied plasticizer 
weight at 18 °C. All films had [COE]:[1] ratio of 15:1 and [EO]:[Li] composition of 
18:1. b) Impedance spectra for (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) at variable 
temperature.  
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2.5.12 Scanning Electron Microscopy 
Figure 2.21 displays representative SEM images of the lithium electrodes post-
deposition and short-circuiting. In general, the plated lithium electrode after the 
galvanostatic polarization tests was mostly flat; small areas were observed with finger-
like dendrites as shown in Figure 2.22. In contrast, the lithium electrodes post-
galvanostatic cycling appeared to have a dense layer of mossy dendrites. This suggests 
that dendrites did not form immediately prior to short-circuit of the cycling cells, but 
likely grew through the electrolyte film over a period of multiple plating/stripping 
cycles. 
 
Figure 2.21 Scanning electron micrographs of the plated lithium electrodes for 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) electrolyte after short-circuit from galvanostatic 
cycling at 0.4 mA/cm
2
 and 90 °C. 
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Figure 2.22 Scanning electron micrographs of the plated lithium electrodes for 
(
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) electrolyte after short-circuit from galvanostatic 
polarization at 0.2 mA/cm
2
 and 90 °C. 
 
2.5.12 Small Angle X-Ray Scattering Data 
 
Figure 2.23 Small Angle X-ray Scattering (SAXS) profiles of scattering angle 
intensity as a function of wavevector (q) for (
70
PEOX0.34)(
34
PE0.35)(
5
PEG0.31) 
electrolyte.  
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CHAPTER 3 
Binary Salt-Doped Tetraphenylborate Tethered Li-Ion Conducting Ionomers: Synthesis, 
Characterization, and Applications for Lithium Metal Batteries 
 
3.1 Abstract 
We report a new class of ‘binary salt-doped single-ion conductor (mixed SIC)’ 
electrolytes for Li-ion conduction. These mixed SICs were synthesized using ring 
opening metathesis polymerization chemistry and evaluated as electrolytes for lithium 
battery applications. A weakly coordinating tetraphenylborate anion was covalently 
attached to a rigid polyethylene backbone in a polyethylene/poly(ethylene oxide) 
(PE/PEO) cross-linked polymer, and further doped with a binary lithium salt (LiBPh4) to 
develop these mixed SICs. A systematic investigation of the effect of different fractions 
of immobilized borate anions on the thermal properties, electrochemical stability, and 
ionic conductivities of the electrolytes is reported. At similar Li
+
 ion concentration, the 
increase in binary salt content in the mixed SIC system led to a significant increase in 
ionic conductivity values. However, the electrochemical stability of the single-ion 
electrolyte was observed to decrease upon doping with the binary lithium salt. The results 
reported in this study demonstrate that these modular mixed SICs are an interesting 
platform to obtain high ionic conductivities and tunable electrochemical stabilities.  
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3.2 Introduction 
Reducing greenhouse gas emissions and achieving a sustainable energy supply 
have been long-standing goals for mankind. Rechargeable batteries are considered an 
excellent means of storing and supplying large amounts of energy for sustainable 
transportation options, like electric vehicles and hybrid-electric vehicles, and grid energy 
storage applications.
1-3
 Li-ion batteries (LIBs) have gained notable attention for 
automotive applications due to their high energy density compared to other battery 
technologies.
4-6
 However, the inherent flammability of their liquid electrolyte 
components raises safety concerns. In contrast to liquid electrolytes, solid polymer 
electrolytes (SPEs) are less flammable and therefore considered to be safer alternatives to 
their liquid counterparts in LIBs.
7
 Additionally, these SPEs allow the miniaturization of 
devices, allowing higher energy density values. However, like the liquid electrolytes, 
most of the lithium salt-doped SPEs have low lithium-ion transference numbers (tLi+), 
unacceptably low ionic conductivities at room temperature, and unsatisfactory 
electrochemical performance.
8,9
 The poor electrochemical performance is proposed to 
arise from the ionic concentration gradients within the cell, which produce physical and 
chemical changes at the electrode/electrolyte interface that lead to high internal and 
interfacial resistance (Figure 3.1a).
10
  
Single-ion conductors (SICs), in which anions are tethered to the polymer 
backbone have long been proposed as an ideal candidate to achieve superior battery 
performance (Figure 3.1b).
8
 Single-ion conductors offer number of advantages, such as 
tLi+ approaching unity and the absence of concentration polarization effects.
9,11
 Despite 
these attractive features, their practical applications are limited due to low
111 
 
Figure 3.1 Li-ion conduction during charge in polymer electrolytes. a) Polymer 
electrolytes containing mobile anions. b) Single-ion conductors with anions covalently 
bound to the polymer. 
 
room temperature ionic conductivity (<10
−4
 S/cm at 25 °C). Ionic conductivity of the 
SICs is strongly influenced by the nature of the anions tethered to the polymer 
backbone. Numerous anions such as carboxylate,
12
 alkyl sulfonate,
13,14
 
bis(allylmalonato)borate,
15-17
 and trifluoromethylsulfonimide
18-22
 have been anchored 
to the polymer backbone to obtain Li
+ 
 conducting polyelectrolytes. To increase the 
Li
+
 ion mobility and improve the battery performance, current research efforts are 
focused on developing new anions, which facilitate better delocalization of negative 
charge, decrease the ion-pair dissociation energy and thus increase the concentration 
of mobile Li
+
 ions. Theoretical calculations have suggested that 
trifluoromethylsulfonimide (N(SO2CF3)2
−
; TFSI) and tetraphenylborate (BPh4
−
; TPB) 
anions have relatively low ion-dissociation energy.
23
 While a variety of TFSI tethered 
single-ion electrolytes have been investigated in the literature,
18-22
 only few SIC 
reports have examined the effect of covalently bound BPh4
−
 anions on the electrolyte’s 
properties.
24,25
 Moreover, TFSI anions are known to corrode the aluminum current 
collector in a lithium based battery device.
26
 We were interested in exploring the effect 
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of weakly coordinating BPh4
−
 anion in the SIC electrolyte because of their non-toxic 
and hydrolytically stable nature.
27
 Previously, Colby and co-workers reported TPB 
containing SICs in which the BPh4
−
 anions were tethered on a low Tg polysiloxane 
backbone.
24,25
 Although these poly(ethylene glycol) (PEG; Mn 600 Da)-doped and 
TPB tethered polysiloxane ionomers exhibited reasonable ionic conductivity at 
ambient temperature (10
−5.2 
S/cm for the 70 wt% PEG-doped composition at 25 °C),
24
 
the mechanical properties of the polysiloxane ionomers are expected to be extremely 
poor, preventing their use as a separator in a battery device. In contrast to the 
previously reported ionomers, we aimed to tether these weakly coordinating BPh4
−
 
anions on a mechanically rigid polyethylene (PE) backbone in a 
polyethylene/poly(ethylene oxide) (PE/PEO) framework. The specific PE/PEO 
framework used in the study was also selected based on their unprecedented lithium 
dendrite growth resistance in high energy Li-metal batteries (LMB) reported in our 
previous study.
28
  
Recently, Tikekar et al. proposed a theoretical model, which suggests that the 
lifetime of a LMB may be improved by use of a mixed conducting system, e.g. doping 
of a single-ion conducting electrolyte containing immobilized anions with a free 
lithium salt.
29
 Significantly, their calculations predicts that the presence of even a low 
fraction of immobilized anions (10%) should decrease the potential at the 
electrode/electrolyte interface, and thereby increase the stability of lithium 
electrodeposits compared to conventional liquid electrolytes. Inspired by this theory, 
we sought to develop binary lithium salt-doped single-ion conductors with variable 
fractions of immobilized anions. Beyond the benefits anticipated from the theory, we 
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anticipate that in these binary lithium salt-doped polyelectrolytes, the immobilized 
anions would serve to decrease the detrimental ionic concentration gradients, and the 
free lithium salt would increase the conductivity of the electrolyte. 
Although there have been previous reports on lithium-ion conducting SICs, 
none of these SIC electrolytes have been doped with a binary lithium salt. Our specific 
interest in this first study is two-fold. First, to quantify and study the effect of different 
fractions of immobilized anion on the electrochemical properties of the polymer 
electrolyte. And, second to evaluate the effect of the binary salt content in the 
electrolyte on ionic conductivity and electrochemical stability of the SICs. We 
prepared a series of binary salt-doped SICs containing varying fractions of covalently 
bound anions to the polymer backbone. Tetraphenylborate anions were selected due to 
their weakly coordinating nature,
27
 and were immobilized on the mechanically rigid 
polyethylene backbone. A binary lithium salt, namely lithium tetraphenylborate 
(LiBPh4) was also added during the preparation of these electrolyte formulations. 
These ionomers were synthesized using ring opening metathesis chemistry and further 
tested as Li-ion conducting electrolytes for LMB applications.  
3.3 Results and Discussion 
3.3.1 Single-Ion Conductors (SICs) 
To enhance Li
+
 ion mobility, increase the Li
+
 ion transport number, achieve 
higher conductivity, and minimize concentration polarization effects, we sought to 
develop a lithium-ion conducting ionomer with bulky non-coordinating anions, 
namely tetraphenylborate anions tethered to the polyethylene backbone. Previously, 
we reported a polyethylene/poly(ethylene oxide) (PE/PEO) cross-linked solid polymer
114 
 
Figure 3.2 Synthesis and nomenclature of tetraphenylborate containing network 
polyethylene/ poly(ethylene oxide) single-ion conductors. 
 
electrolyte (SPE), which was synthesized using ring opening metathesis 
polymerization (ROMP).
28
 This unique demonstrated high ionic conductivity and 
excellent dendrite growth resistance at the lithium metal anode. In the current 
investigation, a similar ROMP strategy was used to synthesize tetraphenylborate 
containing polymer electrolytes, wherein the borate anion was tethered to the 
polyethylene (PE) backbone and the SPE was chemically cross-linked by 
poly(ethylene oxide) (PEO) segments (Figure 3.2) Previous studies on the 
unplasticized PE/PEO cross-linked system suggested that the number of ethylene 
oxide (EO) units in the cross-links played a crucial role in affecting the segmental 
motion of the PEO chains.
28
 Therefore, in the current study, we synthesized the SICs 
with the optimum cross-linker length (80 EO units in the cross-linker), as shown in 
Figure 3.2. Furthermore, inspired by the higher ionic conductivities reported by Colby 
and co-workers for the plasticized polysiloxane ionomers compared to the host 
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ionomer,
24
 we incorporated 31 weight% (wt%) of a non-volatile plasticizer, 
poly(ethylene glycol) with Mn = 275 Da in our PE/PEO cross-linked ionomers. 
Due to the functional group tolerance of the Grubbs’ second-generation (G2) 
catalyst, we chose to employ a ROMP strategy to polymerize functional comonomers, 
such as poly(ethylene oxide) cross-linker (PEOX; 1) and borate monomer (4). The 
cross-linker 1 was synthesized using anionic polymerization in excellent yields, and 
the borate monomer (4) was prepared via the reaction of a Grignard reagent with 
triphenylborane.
30
 The copolymerization of cyclooctene (COE) with comonomers 1 
and 4 using G2 catalyst in a Teflon-lined dish at 50 °C led to the formation of thin 
polymer films (~150 μm). These polymer films were subsequently hydrogenated in the 
solid state using Crabtree’s catalyst to yield mechanically strong tetraphenylborate 
containing single-ion conductors (SICs).
31
  
To obtain the optimum borate ion content for the Li
+
 ion conductivity in these 
SICs, polyelectrolytes with variable ion contents were prepared by changing the 
[COE]:[4] ratios, while keeping the cross-linking density of the network SIC similar 
for all the compositions, i.e. [1]: ([COE]+[4]) loading of 1:15. To gain better 
understanding of these SICs, the thermal properties of these electrolytes were studied 
using differential scanning calorimetry (DSC) and the data are summarized in Table 
3.1. The crystallization of the PEO domains in the polymer was completely inhibited 
when the weight% of 4 in the ionomers was increased from 15 wt% (Table 3.1, entry 
1) to 31 wt% (Table 3.1, entry 5). We hypothesize that this is due to increase in the 
concentration of dissociated Li
+
 ion at higher weight% of the borate monomer, which 
leads to higher concentration of solvated Li
+
 ion in the PEO domains, thereby
 1
1
6
  
 
Table 3.1 Compositions and thermal transitions of PE/PEO single-ion conductors
a
  
Entry Single-Ion Conductor Sample 
[COE]:
[4] 
Weight% 
of the 
Borate 
Monomer 
[EO]:
[Li] 
ratiob 
PE Segmentsc  PEO Segmentsd 
Tm
e
 
(°C) 
ΔHfus
e 
(J/g) 
 
Tg
e
 
(°C) 
Tc
e
 
(°C) 
Tm
e
 
(°C) 
ΔHfus
e 
(J/g) 
1 PEO (0.394, 0.283) BPh4 (0.015, 0) PE (0.308) 3.4 15 44 70 6.8  −55 −23 28 25.1 
2 PEO (0.384, 0.294) BPh4 (0.020, 0) PE (0.302) 2.3 19 34 57 1.9  −52 −5 26 3.3 
3 PEO (0.378, 0.303) BPh4 (0.023, 0) PE (0.296) 1.8 22 29 n.d.
f
 n.d.f  −44 n.d.f n.d.f n.d.f 
4 PEO (0.373, 0.318) BPh4 (0.028, 0) PE (0.281) 1.2 25 25 n.d.
f
 n.d.f  −42 n.d.f n.d.f n.d.f 
5 PEO (0.358, 0.338) BPh4 (0.037, 0) PE (0.267) 0.6 31 19 n.d.
f
 n.d.f  −33 n.d.f n.d.f n.df 
a
All films had 80 EO units in the PEOX cross-linker, [1]: ([COE]+[4]) loading of 1:15, and 31 wt% PEG275. 
b
EO means ethylene 
oxide units contained both in the PEOX cross-linker and PEG plasticizer. 
c
PE segments: Polyethylene domains in the polymer 
electrolyte. 
d
PEO segments: Polyethylene oxide domains in the polymer electrolyte. 
e
Glass transition temperature (Tg), cold 
crystallization temperature (Tc), and melting temperature (Tm) were determined by differential scanning calorimetry of the second 
heat cycle. 
f
Not detected. 
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reducing the crystallinity. Additionally, a significant increase in the glass transition 
temperature (Tg) of the PEO domains was observed when the borate ion content was 
increased in the ionomer (Figure 3.3a). The higher Tg of the SICs at higher ion content 
may be explained by the ion aggregation at higher ion content. Colby and co-workers 
observed similar increase in Tg values for polyester ionomers.
32,33
 The borate monomer 
incorporation in the polymer membrane also had a significant effect on the 
crystallization of PE chains in the network electrolyte. Notably, the PE crystallization 
was completely inhibited in the SIC compositions with higher weight% of the borate 
monomer (>19 wt%), suggesting that the tethered borate anions inhibited the 
alignment of the PE chains, leading to lower crystallinity in PE domains. 
The DC ionic conductivities of the borate containing single-ion conductors 
were measured using dielectric spectroscopy measurements,
30
 and the data for the 
samples with varying weight% of the ionic monomer (Table 3.1, entries 1–5) are 
shown in Figure 3.3b. A steep decrease in the ionic conductivity was observed for the 
SIC composition with ethylene oxide to lithium ratio ([EO]:[Li]) of 44 (Table 3.1, 
entry 1) below 60 °C, due to higher degree of crystallinity of PEO in the polymer 
network, as evident by higher enthalpy of fusion for the PEO domains (ΔHfus = 6.8 
J/g). However, at higher weight% of the borate monomer (Table 3.1, entries 2–5), the 
drop in the conductivity is not as sharp. The maximum ionic conductivity value of 1.3 
× 10
−6
 S/cm was observed for the SIC composition with [EO]:[Li] ratio of 34 at 25 °C. 
At higher wt% of the borate monomer (Table 3.1, entries 3–5), the PEO domains were 
observed to be completely amorphous, but the ionic conductivity values were lower 
compared to the composition with 19 wt% borate monomer (Table 3.1, entry 2). This 
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Figure 3.3 PE/PEO single-ion conductors containing tetraphenylborate anions. a) 
Glass transition temperature (Tg) as a function of [EO]:[Li] ratio. b) Variable 
temperature DC ionic conductivity of SICs at variable [EO]:[Li] ratios.  
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drop in conductivity values could be attributed to ion aggregation in the polymer 
electrolytes at higher ionic content, which leads to higher Tg and thus poor segmental 
motion of the PEO chains causing lower ionic conductivity. 
To evaluate the electrochemical stability of these tetraphenylborate containing 
PE/PEO SICs, cyclic voltammetry measurements were performed on the SICs using 
Li/SPE/stainless steel coin cells at 1 mV/s scan rate and 22 °C. The cyclic 
voltammetry results for the SIC composition with the highest ionic conductivity are 
shown in Figure 3.4. For comparison, the results obtained for a LiTFSI-doped PE/PEO 
electrolyte are also shown. The tetraphenylborate containing SIC demonstrated 
electrochemical stability up to 5.5 V versus Li, which is approximately 1.5 V higher  
 
 
Figure 3.4 Cyclic voltammograms of LiTFSI-doped cross-linked PE/PEO electrolyte 
(red) and tetraphenylborate containing PE/PEO single-ion conductors (blue) at 1 mV/s 
scan rate and 22 °C. 
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than the binary lithium salt-doped PE/PEO electrolyte. This result is of significant 
interest because it shows that in contrast to the previously investigated LiTFSI-doped 
PE/PEO electrolytes,
28
 the tetraphenylborate containing SICs could be used as 
electrolytes for high-voltage batteries, which use 5.0 V cathode materials. 
3.3.2 Binary Salt-Doped Mixed Single-Ion Conductors (Mixed SIC) 
Once the polyelectrolyte composition with the highest ionic conductivity was 
identified (Table 3.1, entry 2: [EO]:[Li] ratio of 34), lithium tetraphenylborate 
(LiBPh4) was added to this electrolyte composition to develop new binary lithium salt-
doped SICs. These binary salt-doped SICs are referred to as mixed SICs (Figure 3.5) 
in the text. To gain a better understanding of this mixed SIC system, ionomer 
compositions with variable fractions of the immobilized borate monomer were 
developed. The compositions of the mixed SIC electrolytes are summarized in Table 
3.2.
34
 For all the SPE compositions, the [EO]:[Li] ratio was kept constant in order to 
achieve similar Li
+
 ion concentrations, whereas the [COE]:[4] ratio was varied.  
 
 
 
Figure 3.5 Left: Tetraphenylborate containing single-ion conductors (SICs). Right: 
Lithium tetraphenylborate salt doped-SICs (mixed SICs). The mobile Li
+
 ions are 
shown in pink color.  
 1
2
1
 
Table 3.2 Compositions and thermal transitions of binary salt-doped PE/PEO single-ion conductors  
Entry 
Mixed Single-Ion Conductor 
Sample 
% 
immobilized 
boratec 
[COE]:
[4] 
PE Segmentsd 
 
PEO Segmentse 
Tm
f
 
(°C) 
ΔHfus
f 
(J/g) 
Tg
f
 
(°C) 
Tc
f
 
(°C) 
Tm
f
 
(°C) 
ΔHfus
f 
(J/g) 
           
1a PEO (0.384, 0.294) BPh4 (0.020, 0) PE (0.302) 100   2.3 57 1.9  −52 −5 26 3.3 
2b PEO (0.369, 0.290) BPh4 (0.015, 0.005) PE (0.321) 75   3.7 67 7.7  −52 −11 20 11.4 
3b PEO (0.364, 0.298) BPh4 (0.010, 0.010) PE (0.318) 50   5.8 76 19.7  −47 −5 25 15.6 
4b PEO (0.360, 0.307) BPh4 (0.005, 0.015) PE (0.313) 25 12.8 83 17.3  −43 −9 24 5.3 
5b PEO (0.356, 0.311) BPh4 (0.002, 0.018) PE (0.313) 10 33.3 88 15.4  −40 n.d.
 g
 n.d. g n.d. g 
a
Single-ion conductor. This film had 80 EO units in the cross-linker, [1]:([COE]+[4]) loading of 1:15, and 31wt% PEG275 
plasticizer. [EO]:[Li] composition was 34, where EO means ethylene oxide units contained both in the PEOX cross-linker and PEG 
plasticizer. 
b
LiBPh4-doped SICs (mixed SICs). All the films had 70 EO units in the cross-linker, [1]:([COE]+[4]) loading of 1:15, 
and 31wt% PEG275 plasticizer. [EO]:[Li] composition was 34, where EO means ethylene oxide units contained both in the PEOX 
cross-linker and PEG plasticizer and Li means lithium from both the borate monomer and LiBPh4. 
c
% immobilized borate = 
[(mmoles of 4)/ {(mmoles of 4) + (mmoles of LiBPh4)}] × 100. 
d
PE segments: Polyethylene domains in the polymer electrolyte. 
e
PEO segments: Polyethylene oxide domains in the polymer electrolyte. 
f
Glass transition temperature (Tg), cold crystallization 
temperature (Tc), and melting temperature (Tm) were determined by differential scanning calorimetry of the second heat cycle. 
g
Not 
detected. 
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The thermal properties of the mixed SIC system were studied using differential 
scanning calorimetry (DSC) measurements and the data are summarized in Table 3.2. 
The glass transition temperatures of the PEO were considerably influenced by the 
incorporation of LiBPh4 salt in the SICs (Figure 3.6a). As the binary salt concentration 
was increased from 0 (Table 3.2, entry 1) to 90% (Table 3.2, entry 5), the Tg of the 
PEO segments increased from −52 °C to −40 °C. This result suggests that the 
flexibility of PEO chain is significantly affected by doping the SICs with a binary salt. 
In other words, for the mixed SIC compositions (Table 3.2, entries 2–5), average ion 
aggregation is stronger than the Li
+
 ion solvation by the PEO chains, causing an 
increase in Tg. In contrast, for the undoped SIC composition (100% immobilized; 
Table 3.2, entry 1), the weakly coordinating tetraphenylborate anions are covalently 
attached to the polymer backbone and hence the ion aggregation (cation-anion 
interactions) is less of an issue. As a result, at similar Li
+
 ion concentrations ([EO]:[Li] 
ratio of 34), the Li
+
 ion is solvated to a greater extent by PEO in an undoped SIC 
composition  compared to the mixed SIC compositions (Table 3.2, entries 2–5), 
leading to a lower Tg value in the undoped composition. 
Furthermore, for the mixed SIC compositions with similar cross-linking 
density values but different [COE]:[4] ratios, the PE crystallization was significantly 
affected. Among the tested mixed SICs, the compositions with higher [COE]:[4] ratios 
demonstrated higher melting point of PE due to longer PE chains between the grafted 
units in these compositions. For example, the composition with the highest [COE]:[4] 
ratio of 33.3 (Table 3.2, entry 5; 10% immobilized borate monomer) exhibited a Tm 
value of 88 °C, whereas the mixed SIC with the lowest ratio (Table 3.2, entry 1; 100% 
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Figure 3.6 Mixed single ion conductors. a) Glass transition temperature (Tg) as a 
function of % immobilized borate. d) Variable temperature ionic conductivities of 
LiBPh4 salt-doped PE/PEO single-ion conductors containing different fractions of 
immobilized tetraphenylborate anions. All films had 80 EO units in the cross-linker, 
[1]:([COE]+[4]) loading of 1:15 and 31wt% PEG275 plasticizer, and [EO]:[Li] 
composition of 34. The sample composition containing 100% immobilized borate is 
an SIC without any free LiBPh4 salt. The data for a LiBPh4 salt-doped PE/PEO 
electrolyte (0% immobilized) is also shown for comparison purposes.  
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immobilized borate monomer) showed the lowest melting temperature of 57 °C for the 
PE segments.  
Figure 3.6b shows the variable temperature ionic conductivity of mixed SICs 
that contain variable amounts of immobilized borate anions. The conductivity data for 
a LiBPh4 salt-doped SPE (i.e. 0% immobilized borate anion) is also shown in the plot 
for comparison purposes. The LiBPh4-doped electrolyte composition (0% immobilized 
borate) demonstrated the highest ionic conductivity values at temperatures measured 
(10-100 °C). Of the tested mixed SICs (Table 3.2, entries 2–5), the compositions with 
lower fractions of immobilized borate anions in the electrolyte showed relatively 
higher ionic conductivity values at all temperatures tested. For example, the electrolyte 
compositions with 75% and 10% immobilized borate anions showed ionic 
conductivity values of 4.8 × 10
−5
 S/cm and 8.7 × 10
−5
 S/cm at 55 °C, respectively. 
Notably, the ionic conductivity values of some of these mixed SICs are almost an 
order of magnitude higher than the state-of-the-art triblock polyelectrolytes reported in 
the literature (1.3 × 10
−5
 S/cm at 60 °C).
18
 It has been proposed that in the salt-doped 
PEO electrolytes, the ion-transport is strongly influenced by the segmental motion of 
the polymer chains.
35
 Hence, one would expect that the electrolytes with a lower Tg 
should exhibit higher ionic conductivity. Despite the increased Tgs of the mixed SICs 
(Table 3.2, entries 2–5) compared to the undoped SIC composition (Table 3.2, entry 
1), higher ionic conductivities were observed for these mixed SIC compositions. These 
results are unexpected and imply that the ion mobility for these mixed SICs is not only 
dictated by the segmental motion of the PEO chain, but also by the ion hopping. Since 
this is the first report of a binary salt-doped SIC and ion conduction is a complex 
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phenomenon, it is unclear at this point as to what mechanism is causing facile ion 
conduction in these mixed SICs. Nonetheless, the modular mixed SICs reported herein 
provide access to a new family of polyelectrolyte system that display promising ionic 
conductivity values for Li-metal battery operation.  
To investigate the effect of binary lithium salt in the mixed SIC compositions 
on the electrochemical stability of the SPEs, cyclic voltammetry measurements were 
performed at 22 °C. The electrochemical stability results for the mixed SICs with 10% 
and 75% immobilized borate anion are shown in Figure 3.7. For comparison, the 
results for the undoped composition (100% immobilized borate) are also shown. The 
100% immobilized sample is stable up to 5.5 V at 22 °C. The electrochemical stability 
of the electrolytes drops significantly upon addition of LiBPh4 salt to the SICs. The 
observed trend could be rationalized on the basis of the oxidative instability of the 
anions at higher voltages.
36
 Notably, the mixed SIC composition with maximum 
binary salt content (10% immobilized borate) shows oxidative stability only up to 4.2 
V, which is 1.3 V lower than the undoped composition. In contrast, the composition 
with lesser binary salt content (75% immobilized borate anion) shows less anodic 
decomposition than the 10% immobilized system, as shown in the Figure 3.7. This 
result demonstrates that these mixed SIC systems are of significant interest due to their 
high ionic conductivity and tunable electrochemical stability. Galvanostatic lithium 
plating experiments are currently underway to determine the effect of the immobilized 
borate anions on the short-circuit time. 
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Figure 3.7 Cyclic voltammetry results for LiBPh4-doped single-ion conductors with 
varied fractions of immobilized borate anions; 10% immobilized borate (red) and 75% 
immobilized borate (yellow). The undoped SIC composition, i.e. 100% immobilized 
borate (green) is also shown for comparison purposes.  
 
 
3.4 Conclusions 
We successfully developed a facile synthetic protocol for new Li-ion 
conducting SICs that contain immobilized tetraphenylborate anions. Due to the non-
coordinating nature of these borate anions, the high ionic conductivity value of 1.5 × 
10
−5
 S/cm at 55 °C was observed for the SIC without any binary salt. Upon doping the 
SICs with a binary salt, mixed SICs were obtained and ionic conductivities were found 
to increase substantially. In particular, the mixed SIC composition with 10% 
immobilized borate anion demonstrated the highest ionic conductivity (~10
−4
 S/cm at 
55 °C). These mixed SICs also provided access to a modular electrolyte system with 
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tunable electrochemical stability. The correlation of the fraction of the immobilized 
borate anion to the dendrite growth resistance in an LMB battery is currently under 
investigation in our laboratory. We believe that these mixed SICs are an interesting 
class of polymer electrolytes and the structure-function correlations of this system will 
provide useful insights for the design of superior electrolyte formulations. 
3.5 Experimental 
3.5.1 General  
All reactions and manipulations of air and moisture sensitive compounds were 
carried out under dry nitrogen using a Braun UniLab drybox or standard Schlenk line 
techniques unless otherwise specified. 
1
H NMR spectra were collected in deuterated 
solvents on a Varian INOVA 400 or Varian INOVA 500 spectrometer and referenced 
with residual non-deuterated solvent shifts (CHCl3 = 7.24 ppm) and are reported 
relative to tetramethylsilane (δ = 0 ppm). 13C NMR spectra were recorded on a Varian 
INOVA (
13
C, 100 MHz) or Varian INOVA (
13
C, 125 MHz) spectrometer and 
referenced to chloroform (δ 77.23 ppm). 11B NMR were recorded on a Bruker ARX 
300 (96 MHz) and referenced to an external standard (BF3∙Et2O). High-accuracy mass 
data were obtained using MALDI and ESI sources. MALDI mass spectra were 
obtained on a Waters Micro MX MALDI-TOF mass spectrometer using negative ion 
mode and a reflectron detector. Samples were prepared by depositing the analyte 
dissolved in a saturated dithranol solution onto a stainless steel sample plate. The plate 
was dried in air before loading it into the instrument. HRMS (ESI) analyses were 
performed at the Mass Spectrometry Laboratory at the University of Illinois at 
Urbana-Champaign. 
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Gel permeation chromatography (GPC) analyses were carried out using an 
Agilent PL-GPC 50 integrated system, equipped with UV and refractive index 
detectors, and 2 PL gel Mini-MIX C columns (5 micron, 4.6 mm ID). The GPC 
columns were eluted with tetrahydrofuran at 30 °C at 0.3 mL/min and were calibrated 
with monodisperse polystyrene standards. Differential scanning calorimetry (DSC) 
analyses of polymer samples were performed on a TA Instruments Q1000 instrument 
equipped with liquid nitrogen cooling system. Polymer samples were loaded in 
aluminum pans and heated under nitrogen from −100 °C to 180 °C at a rate of 10 °C 
per minute and then cooled to −100 °C at a rate of 10 °C per minute, followed heating 
to 180 °C at a rate of 10 °C per minute. The glass transition temperature (Tg) and the 
melting temperature (Tm) were recorded from the second heating run. 
Thermogravimetric analysis (TGA) from 20-1000 °C was carried out on a TA 
Instruments Q500 Thermogravimetric Analyzer in nitrogen atmosphere using a 10 
°C/min ramp without equilibration delay.  
The conductivity data of the polymer electrolytes was obtained over a range of 
frequencies (0.1-3×10
6
 Hz) and temperatures (−5 °C to 100 °C) using a Novocontrol 
Dielectric Broadband Spectrometer fitted with a Quatro temperature control system. 
Conductivity measurements were performed using blocking/solid polymer 
electrolyte/blocking cell orientation, using gold plated stainless steel electrodes. 
Symmetric lithium coin cells for short-circuit measurements were prepared in an argon 
filled MBraun glovebox using Hohsen components, size 2032, with 9.9 mm diameter 
lithium electrodes and a 12.7 mm diameter cross-linked electrolyte sample. Coin cell 
crimping was performed with a MTI electric crimping machine to ensure uniformity. 
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Lithium/SPE/Stainless Steel (Li/SPE/SS) coin cells were prepared in an argon filled 
MBraun glovebox using Hohsen components, size 2032, with 9.9 mm diameter 
lithium electrodes and a 12.7 mm diameter cross-linked electrolyte sample. The cyclic 
voltammetric measurements were performed on Li/SPE/SS coin cells using a 
Solartron (Model 1470) Potentiostat/Galvanostat. The potential was scanned from 
−0.2 V to 6.0 V at 1 mV/s sweep rate and 22 °C.  
3.5.2 Materials 
Sodium hydride (95%), 1,5-cyclooctadiene, cis-cyclooctene (95%), 4-
bromobenzyl bromide (98%), 1,2-dibromoethane, meta-chloroperoxybenzoic acid, 
lithium carbonate (>99%), Grubbs’ 2nd Generation catalyst 
(Cl2(iMes)(PCy3)Ru=CHPh), and Crabtree’s catalyst [(COD)Ir(py)(PCy3)]PF6 were 
purchased from Sigma-Aldrich and used as received. Lithium tetraphenylborate 
tris(1,2-dimethoxyethane), LiBPh4·3DME (98%) was purchased from Sigma-Aldrich 
and dried in vacuo at 90 °C for 24 h and transferred directly into the glove box. 
Ethylene oxide was purchased from Sigma-Aldrich and dried over n-BuLi before use. 
Triphenylborane, 95% (Strem Chemicals), magnesium turnings (Strem Chemicals), 
anhydrous sodium sulfate (Mallinckrodt), and dibromo-p-xylene, 97% (Alfa Aesar) 
were used as received. HPLC grade tetrahydrofuran was purchased from Fisher 
Scientific and dried over an alumina column and degassed by three freeze pump thaw 
cycles before use. Chloroform was dried over P2O5 and distilled prior to use. 
Hydrogen (99.99%) was purchased from Airgas. NMR solvents (CDCl3 and acetone-
d6) were purchased from Cambridge Isotope Laboratories (CIL) and used as received.  
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Following a literature procedure,
37
 5-hydroxy-1-cyclooctene was prepared, 
dried over activated 3 Å sieves for three days, and degassed by three freeze pump 
thaw cycles before use. Potassium naphthalenide in THF was prepared from 
naphthalene and potassium at a concentration of 0.35 M (titrated with a standard 
benzoic acid solution until a persistent green color was observed as an end-point of the 
titration) and degassed by three freeze pump thaw cycles before use. 
3.5.3 Synthesis 
3.5.3.1 Synthesis of the PEO Functionalized Cross-linker  
 
Scheme 3.1 General scheme for the synthesis of cross-linker 1. 
 
For the synthesis and characterization of 2, see Section 2.5.3.1. 
For the synthesis and characterization of the PEO functionalized cross-linker (1), see 
Section 2.5.3.1. 
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3.5.3.2 Synthesis of Tetraphenylborate Functionalized Cyclooctene Monomer (4) 
 
Scheme 3.2 Synthesis of tetraphenylborate functionalized cyclooctene monomer. 
 
Preparation of (Z)-5-((4-bromobenzyl)oxy)cyclooct-1-ene (3): A suspension of 
NaH (0.722 g, 28.6 mmol) in anhydrous THF (25 mL) was treated dropwise with 5-
hydroxycyclooct-1-ene (2.32 g, 18.4 mmol) and heated to 70 °C under N2 for 16 h. 
After cooling to room temperature, a solution of p-bromobenzyl bromide (4.83 g, 19.3 
mmol) dissolved in anhydrous THF (25 mL) was added to the alkoxide solution under 
standard Schlenk conditions at 22 °C. The resulting solution was stirred at 35 °C for 2 
h, cooled to room temperature, and quenched with ethanol. The resultant suspension 
was filtered through a pad of celite and the filtrate was concentrated on a rotary 
evaporator. Dichloromethane was added (~150 mL) to the crude reaction mixture and 
the organic phase was washed with saturated brine, then dried over anhydrous sodium 
sulfate, filtered, and concentrated under reduced pressure to yield a colorless oil, 
which was further purified by column chromatography on silica using 1:1 
CH2Cl2/hexanes. The desired product was isolated as colorless oil (4.3 g, 80%). 
1
H 
NMR (500 MHz, CDCl3) δ 7.49 – 7.41 (m, 2H), 7.24 – 7.17 (m, 2H), 5.76 – 5.50 (m, 
2H), 4.54 – 4.31 (m, 2H), 3.44 (dddd, J = 9.9, 7.3, 4.1, 1.5 Hz, 1H), 2.44 – 1.32 (m, 
10H). 
13
C NMR (125 MHz, CDCl3) δ 138.28, 131.46, 130.13, 129.52, 129.15, 80.30, 
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69.52, 34.29, 33.34, 25.87, 25.68, 22.74. HR-MS (ESI) m/z calculated for (M
 
+ H
+
) 
294.0619, found 294.0615. 
 Preparation of Lithium (Z)-(4-((cyclooct-4-en-1-yloxy)methyl)phenyl) triphenyl 
borate (4): A three-neck 100 ml round bottom flask equipped with a reflux condenser 
was charged with magnesium turnings (130 mg, 5.34 mmoles). A few drops of 
dibromoethane were added to the flask under N2 flow to activate the magnesium 
surface. A solution of 3 (1.03 g, 3.52 mmoles) in 20 mL dry THF was slowly added to 
the magnesium via cannula (initially only 25% of the bromide solution was added). 
The resultant solution was heated with a heat gun to gently reflux the reaction mixture. 
After a gentle reflux began, the remaining solution of 3 in THF was added to the flask 
and the reaction mixture was refluxed for 6 hours. The resultant Grignard reagent was 
cooled to room temperature and cannula transferred to a solution of triphenylborane 
(0.843 g, 3.48 mmoles) in 5 mL of dry THF under standard Schlenk conditions. The 
resultant pale yellow solution was stirred for 16 h at room temperature and then 
concentrated under reduced pressure to yield a pale yellow powder. The yellow 
crystalline powder was redissolved in 25 mL of ethyl acetate and poured into 10 mL of 
saturated lithium carbonate aqueous solution to allow the ion exchange. The resultant 
biphasic solution was stirred for 24 hours, followed by the extraction of aqueous layer 
with ethyl acetate (3×20 mL). The organic phases were combined, dried over activated 
3Å molecular sieves for 6 hours, and subsequently concentrated under reduced 
pressure to yield a light brown powder (1.1 g, 67%). 
1
H NMR (400 MHz, Acetone-d6) 
δ 7.42 – 7.24 (m, 8H), 6.96 – 6.88 (m, 8H), 6.78 (dddd, J = 9.0, 6.5, 1.6, 0.9 Hz, 3H), 
5.73 – 5.48 (m, 2H), 4.42 – 4.27 (m, 2H), 3.46 (dddd, J = 9.6, 7.7, 4.1, 1.0 Hz, 1H), 
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2.40 – 2.27 (m, 1H), 2.23 – 2.09 (m, 2H), 2.02 – 1.09 (m, 1H). 13C NMR (126 MHz, 
Acetone-d6) δ 165.51, 165.11, 164.72, 164.33, 136.98, 136.97, 136.96, 136.95, 
136.73, 136.72, 136.71, 136.70, 135.42, 132.69, 131.04, 129.89, 125.97, 125.95, 
125.93, 125.91, 125.89, 122.18, 79.61, 71.79, 35.16, 33.72, 26.29, 26.17, 23.31. 
11
B 
NMR (96 MHz, Acetone-d6) δ −5.99. HR-MS (ESI) m/z calculated for (M
−
) 457.2708, 
found 457.2702. 
3.5.3.2 Synthesis of polymer electrolytes 
3.5.3.2.1 Single-Ion Conductors 
 
Scheme 3.3 Synthesis of tetraphenylborate containing PE/PEO network single-ion 
conductors. 
 
Sample Procedure for the Synthesis of Tetraphenylborate containing Single-Ion 
Cross-Linked SPE, [EO]:[Li] = 34 (Table 3.1, entry 2): In a glove box, the PEOX 
cross-linker 1 (128 mg, 0.0320 mmol) with 83 EO units in the cross-links, compound 
4 (64 mg, 0.14 mmol), and COE (42 μL, 0.32 mmol) were combined and dissolved in 
2.5 mL of dry THF. Grubbs’ 2nd generation catalyst (1.0 mg, 0.0012 mmol) dissolved 
in 0.5 mL of THF was added to the monomer mixture, followed by addition of 
PEG275 (112 mg, 0.407 mmol). Crabtree’s catalyst (2.2 mg, 0.0027 mmol) dissolved 
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in 0.5 mL CHCl3 was then added to the resultant solution and shaken vigorously for 
one minute. It was then transferred to a metal dish (fluoropolymer-lined, diameter of 
5.25 cm and depth of 3.0 cm) placed in a volume glass chamber bearing two Kontes 
glass valves on top. The chamber was placed on top of the hot plate equipped with a 
metal plate to ensure uniform heating and film was casted under N2 flow at 50 °C for 3 
h. After the solvent evaporated off, the Kontes valves were closed and the glass 
chamber was taken into the glove box. Hexane (3 mL) was added to the metal dish in 
order to release the film from the dish. The film was dried in vacuum at 22 °C for 24 h 
and then placed in a Parr reactor and sealed. It was pressurized to 600 psig with 
hydrogen and then vented down to 50 psig. This process was repeated twice more to 
purge the reactor of air, then pressurized to 600 psig and heated to 100 °C. After 16 h, 
it was cooled, vented and the hydrogenated film was dried under vacuum at 22 °C for 
24 h. 
 
3.5.3.2.2 Binary Salt-Doped Single Ion Conductors 
 
Scheme 3.4 Synthesis of LiBPh4 salt-doped PE/PEO single-ion conductors. 
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Sample Procedure for the Synthesis of Lithium Tetraphenylborate Binary Salt 
containing Single-Ion Cross-Linked SPE, 50% Immobilized Borate on the 
Polymer Backbone (Table 3.2, entry 3): In a glove box, cross-linker 1 (123 mg, 
0.0318 mmol) with 67 EO units in the cross-linker, compound 4 (32 mg, 0.069 mmol), 
and COE (52 μL, 0.40 mmol) were combined and dissolved in 2.5 mL of dry THF. 
Grubbs’ 2nd generation catalyst (1.0 mg, 0.0012 mmol) dissolved in 0.5 mL of dry 
THF was added to the monomer mixture, followed by addition of LiBPh4.3DME (40 
mg, 0.067 mmol) and PEG275 (112 mg, 0.407 mmol). Crabtree’s catalyst (2.2 mg, 
0.0027 mmol) dissolved in 0.5 mL CHCl3 was then added to the resultant solution and 
shaken vigorously for one minute. It was then transferred to a metal dish 
(fluoropolymer-lined, diameter of 5.25 cm and depth of 3.0 cm) placed in a volume 
glass chamber bearing two Kontes glass valves on top. The chamber was placed on top 
of the hot plate equipped with a metal plate to ensure uniform heating and film was 
casted under N2 flow at 50 °C for 3 h. After the solvent evaporated off, the Kontes 
valves were closed and the glass chamber was taken into the glove box. Hexane (~ 3 
mL) was added to the metal dish in order to release the film from the dish. The film 
was dried in vacuum at 22 °C for 24 h and then placed in a Parr reactor and sealed. It 
was pressurized to 600 psig with hydrogen and then vented down to 50 psig. This 
process was repeated twice more to purge the reactor of air, then pressurized to 600 
psig and heated to 100 °C. After 16 h, it was cooled, vented and the hydrogenated film 
was dried under vacuum at 22 °C for 24 h. 
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3.5.4 MALDI Data 
 
 
Figure 3.8 MALDI spectrum of lithium (Z)-(4-((cyclooct-4-en-1-yloxy)methyl) 
phenyl)triphenylborate (4). m/z calculated for (M
−
) 457.2708, found 457.8013. 
 
3.5.5 Thermal Gravimetric Analysis (TGA) 
 
Figure 3.9 TGA trace of lithium (Z)-(4-((cyclooct-4-en-1-yloxy)methyl)phenyl) 
triphenylborate (4). 
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The thermal decomposition data for the tetraphenylborate functionalized 
cyclooctene monomer (compound 4) is shown in Figure 3.9. The onset decomposition 
temperature for this precursor was observed to be in the vicinity of 200 °C, which is 
significantly higher than the operating temperature of a lithium-based battery.  
 
3.5.6 Differential Scanning Calorimetry  
3.5.6.1 Single-Ion Conductors 
DSC analysis was performed using a TA Instruments Q1000 instrument 
equipped with liquid nitrogen cooling system and automated sampler. Typical DSC 
samples were made in aluminum pans and the method used was 10 °C/ min ramp, with 
one cycle of heat, cool, and heat again. The DSC data of the second heat cycle for the 
single-ion samples with variable composition of [EO]:[Li] units in the network 
polymer electrolyte are shown in Figure 3.10. The segmental motion of the PEO 
chains was significantly affected by the ionic content in the ionomers. For example, a 
20 °C increase in the glass transition temperature was observed when the weight% of 
the borate monomer was increased from 16 wt% ([EO:[Li] = 44) to 31 wt% ([EO:[Li] 
= 19). Furthermore, the PEO crystallization was completely inhibited when higher 
weight% of the borate monomer was incorporated in the Li-ion conducting ionomers.  
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Figure 3.10 DSC traces of the second heat cycle for the tetraphenylborate containing 
SICs with varying [EO]:[Li] ratio.  
 
3.5.6.2 Binary Salt-Doped SICs 
 
Figure 3.11 DSC traces of the second heat cycle for the lithium tetraphenylborate-
doped SICs containing variable % of immobilized borate.  
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3.5.7 DC Ionic Conductivities 
3.5.7.1 Single-Ion Conductors (SICs) 
The DC ionic conductivity at each temperature was determined from the 
plateau value of the plot of real part of the conductivity (Sig′) as a function of 
frequency, as described in seminal work by Jonscher.
38
 A representative plot of Sig′ 
vs. frequency for the SIC composition with [EO]:[Li] ratio of 34 (Table 3.1, entry 2) at 
variable temperatures is shown in Figure 3.12.  
 
 
Figure 3.12 Real part of the ionic conductivity vs. frequency plot for the SIC 
electrolyte with [EO]:[Li] composition of 34 at variable temperatures. 
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Table 3.3 DC ionic conductivities of tetraphenylborate containing single-ion conductors
a 
entry 
Weight% of 
the borate 
monomer 
[COE]:[4] 
[EO]:[Li] 
ratio
b
 
DC Ionic Conductivity (S/cm)
c
 
  10 °C 25 °C    40 °C    55 °C   70 °C    85 °C      100 °C 
           
1 15 3.4 44 2.5 × 10
−7
 
2.6 × 10
−7
 
7.6 × 10
−8
 
5.8 × 10
−8
 
1.1 × 10
−7
 
2.6 × 10
−7
 2.4 × 10
−6
 1.5 × 10
−5
 2.9 × 10
−5
 5.2 × 10
−5
 8.2 × 10
−5
 
2 19 2.3 34 1.2 × 10
−6
 4.9 × 10
−6
 1.5 × 10
−5
 3.1 × 10
−5
 5.5 × 10
−5
 8.7 × 10
−5
 
3 22 1.8 29 3.0 × 10
−7
  2.5 × 10
−6
 9.1 × 10
−6
 2.1 × 10
−5
 3.9 × 10
−5
 6.7 × 10
−5
 
4 25 1.2 25 4.1 × 10
−7
 1.9 × 10
−6
 6.1 × 10
−6
 1.5 × 10
−5
 3.2 × 10
−5
 5.8 × 10
−5
 
5 31 0.6 19 6.8 × 10
−6
 2.8 × 10
−6
 8.6 × 10
−6
 2.1 × 10
−5
 4.5 × 10
−5
 8.2 × 10
−5
 
a
All films had 80 EO units in the PEOX cross-linker, [1]: ([COE]+[4]) loading of 1:15, and 31 wt% PEG275. 
b
EO means ethylene oxide 
units contained both in the PEOX cross-linker and PEG plasticizer. 
c
Determined by dielectric spectroscopy measurements. 
 
  
 1
4
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Table 3.4 DC ionic conductivities of binary salt-doped PE/PEO single-ion conductors 
 
entry 
% immobilized 
borate 
monomer
d
 
[COE]:[4] 
DC Ionic Conductivity (S/cm)
e
 
10 °C 25 °C 40 °C 55 °C 70 °C 85 °C   100 °C 
          
1
a
 0 n.a.
f
 3.0 × 10
−6
 1.4 × 10
−5
 4.6 × 10
−5
 1.2 × 10
−4
 2.4 × 10
−4
 4.1 × 10
−4
 6.2 × 10
−4
 
2
b
 10 33.3 1.7 × 10
−6
 
1.6 × 10
−6
 
2.2 × 10
−6
 
1.7 × 10
−6
 
2.6 × 10
−7
 
9.4 × 10
−6
 3.3 × 10
−5
 8.7 × 10
−5
 1.9 × 10
−4
 3.4 × 10
−4
 5.3 × 10
−4
 
3
b
 25 12.8 7.7 × 10
−6
 2.8 × 10
−5
 7.1 × 10
−5
 1.5 × 10
−4
 2.6 × 10
−4
 3.8 × 10
−4
 
4
b
 50   5.8 9.3 × 10
−6
 2.9 × 10
−5
 7.0 × 10
−5
 1.4 × 10
−4
 2.4 × 10
−4
 3.6 × 10
−4
 
5
b
 75   3.7 6.8 × 10
−6
 2.1 × 10
−5
 4.8 × 10
−5
 9.1 × 10
−5
 1.4 × 10
−4
 2.0 × 10
−4
 
6
c
 100   2.3 1.2 × 10
−6
  4.9 × 10
−6
 1.5 × 10
−5
 3.1 × 10
−5
 5.5 × 10
−5
 8.7 × 10
−5
 
 a
LiBPh4-doped PE/PEO cross-linked electrolyte. This film had 80 EO units in the cross-linker, [1]:([COE]) loading of 1:15, and 
31wt% PEG275 plasticizer. [EO]:[Li] composition was 34, where EO means ethylene oxide units contained both in the PEOX 
cross-linker and PEG plasticizer. 
b
LiBPh4-doped SICs (mixed SICs). All the films had 80 EO units in the cross-linker, 
[1]:([COE]+[4]) loading of 1:15, and 31wt% PEG275 plasticizer. [EO]:[Li] composition was 34, where EO means ethylene oxide 
units contained both in the PEOX cross-linker and PEG plasticizer, and Li means lithium from both the borate monomer and 
LiBPh4. 
c
Single-ion conductor. This film had 80 EO units in the cross-linker, [1]:([COE]+[4]) loading of 1:15, and 31wt% 
PEG275 plasticizer. [EO]:[Li] composition is 34, where EO means ethylene oxide units contained both in the PEOX cross-linker 
and PEG plasticizer. 
d
% immobilized borate = [(mmoles of 4)/ {(mmoles of 4) + (mmoles of LiBPh4)}] × 100. 
e
Determined by 
dielectric spectroscopy measurements. 
f
Not applicable. 
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3.5.8 Cyclic Voltammetry Measurements 
 
Figure 3.13 Cyclic voltammogram of the tetraphenylborate containing single-ion 
conductor having [COE]:[4] ratio of 2.3 and [EO:[Li] composition of 34 (Table 3.2, 
entry 1). 
 
 
 
Figure 3.14 Cyclic voltammogram of LiBPh4-doped single-ion conductor having 75% 
immobilized borate, [COE]:[4] ratio of 3.7, and [EO]:[Li] composition of 34 (Table 
3.2, entry 2).  
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Figure 3.15 Cyclic voltammogram of the LiBPh4-doped single-ion conductor having 
10% immobilized borate, [COE]:[4] ratio of 33.3, and [EO]:[Li] composition of 34 
(Table 3.2, entry 5). 
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3.5.9 NMR Spectra 
(Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-ene (2) 
 
Figure 3.16 
1
H NMR Spectrum of (Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-ene 
(2). Signal at 7.26 ppm is residual CHCl3. 
 
 
 
Figure 3.17 
13
C NMR Spectrum of (Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-
ene (2). Signal at 77.16 ppm is residual CDCl3. 
 
  
O
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PEO functionalized cross-linker (1) 
 
Figure 3.18 
1
H NMR Spectrum of PEO functionalized cross-linker (1) of molecular 
weight 3.7 kDa. Signal at 7.26 ppm is residual CHCl3. 
 
 
Figure 3.19 
13
C NMR Spectrum of PEO functionalized cross-linker (1) of molecular 
weight 3.7 kDa. Signal at 77.16 ppm is residual CDCl3. 
  
OO
O
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 (Z)-5-((4-bromobenzyl)oxy)cyclooct-1-ene (3) 
 
Figure 3.20 
1
H NMR Spectrum of (Z)-5-((4-bromobenzyl)oxy)cyclooct-1-ene (3). 
Signal at 7.24 ppm is residual CHCl3. 
 
 
 
Figure 3.21 
13
C NMR Spectrum of (Z)-5-((4-bromobenzyl)oxy)cyclooct-1-ene (3). 
Signal at 77.16 ppm is residual CDCl3. 
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Lithium (Z)-(4-((cyclooct-4-en-1-yloxy)methyl)phenyl)triphenylborate (4) 
 
 
Figure 3.22 
1
H NMR Spectrum of lithium (Z)-(4-((cyclooct-4-en-1-
yloxy)methyl)phenyl)triphenylborate (4). Signal at 2.05 ppm is residual signal from 
acetone. 
 
 
 
 
Figure 3.23 
13
C NMR Spectrum of lithium (Z)-(4-((cyclooct-4-en-1-
yloxy)methyl)phenyl)triphenylborate (4). Signals at 29.84 and 206.3 ppm are the 
residual signals from acetone.   
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Figure 3.24 
11
B NMR Spectrum of lithium (Z)-(4-((cyclooct-4-en-1-
yloxy)methyl)phenyl)triphenylborate (4). Spectrum was referenced externally to 
BF3∙Et2O (δ = 0 ppm). 
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CHAPTER 4 
Development of New Solid Polymer Electrolyte Formulations: Effect of Lithium Salts 
and Plasticizers on Electrolyte Performance 
 
4.1 Abstract 
We report new solid polymer electrolyte (SPE) formulations for lithium metal 
batteries. These formulations were developed by varying the lithium salts and 
plasticizers in cross-linked polyethylene/poly(ethylene oxide) (PE/PEO) SPEs. The 
impact of these additives upon the electrochemical performance of the electrolyte was 
investigated. The counter anions of the lithium salts had a significant effect on the 
ionic conductivity and electrochemical stability of the SPE’s performance. 
Specifically, lithium bis(oxalato)borate containing SPE shows an electrochemical 
stability up to 4.6 V, which is 0.7 V higher than the SPE containing lithium 
bis(trifluoromethanesulfonyl)imide salt. In addition, the effects of various plasticizers 
on the cross-linked PE/PEO electrolyte’s performance were also examined. Different 
plasticizers containing poly(ethylene glycol) oligomers and cyclic carbonate moieties 
were synthesized and tested for their influence on the SPE’s properties. In particular, 
SPE formulations with cyclic carbonate plasticizers show relatively low ionic 
conductivity.  
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4.2 Introduction 
Electrolyte formulation is crucial for successful operation of a Li-based 
rechargeable battery over wide range of temperatures and operating voltage.
1
 A 
mixture of 1.0 M solution of LiPF6 in ethylene carbonate/dimethyl carbonate (1:1, v/v) 
is widely accepted as an optimum electrolyte composition for 3.6 V Li-ion batteries 
(LIB). However, no electrolyte composition has so far been proven to be effective 
enough to allow for the commercialization of high voltage (5.0 V) LIBs due to the 
oxidative instability of these electrolytes against high cathode materials. Furthermore, 
the use of these liquid electrolytes in conjunction with high energy Li-metal batteries 
(LMBs) is currently limited by the formation of irregular lithium structures (also 
called as dendrites) on the Li-metal anode over repeated charge-discharge cycles.
2,3
 In 
contrast, some of the solid polymer electrolyte (SPE) formulations have shown 
promise for the rechargeable LMB technology by delaying the lithium dendrite growth 
and nucleation.
4,5
 The development of a Li-ion conducting SPE formulation, which is 
stable against Li-metal anode and is electrochemically stable at high voltages is thus 
an area of significant interest. 
One of the essential components of the electrolyte is a Li-ion conducting salt. 
For the successful operation of a rechargeable lithium battery, an ideal lithium salt 
should have the following properties: a) high Li
+
 ion conductivity, b) good 
electrochemical stability (high decomposition voltage), c) high thermal stability, d) 
non-toxicity, e) good solubility in the polar organic solvent (or polymer matrix in the 
case of polymer electrolyte), f) low cost, g) formation of a stable and less resistive 
solid-electrolyte-interface (SEI) layer at the electrolyte-electrode interface, and g) 
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chemical stability towards the electrode components.
6
 It has been observed that 
lithium salts play a crucial role in the conducting properties and electrochemical 
stability of the electrolyte in LIBs containing polar organic solvents.
6-9
 Kita and co-
workers investigated the structural effects of fluoroorganic lithium salts on the 
conductivity, electrochemical stability, aluminum corrosion at high voltage, and cell 
performance of a Li-ion battery.
7
 They found that among a lithium salt series, the 
anions with longer fluoroalkyl chains showed higher oxidation potential. For example, 
the oxidation potentials for CF3SO3Li, C4F9SO3Li, and C8F17SO3Li were determined 
to be 4.8, 6.0, and 6.5 V, respectively in propylene carbonate electrolyte. In another 
instance, Tsujioka et al. examined the electrolytes containing different lithium salts 
and found that the electrolyte compositions containing a mixture of lithium borate and 
lithium imide salts demonstrated high capacity retention during charge-discharge 
cycles of a Li-ion battery.
8
  
While many researchers have explored the effects of different lithium salts for 
the LIB technologies, only a few literature reports have discussed the effects of 
lithium salt in a SPE formulation for LMBs.
10,11
 Greenbaum and co-workers 
investigated the effect of three different salts namely LiClO4, CF3SO3Li, and LiTFSI, 
for the PEO/Al2O3 composite SPEs on the electrochemical performance of these 
electrolytes.
10
 Among the salts investigated, the SPEs containing LiTFSI showed the 
highest conductivity. Furthermore, they observed that PEO-LiTFSI electrolytes 
showed significantly lower electrochemical stability when compared to PEO-
CF3SO3Li SPE at 40 °C. It is clear that the counter anions in the lithium salt play a 
significant role in the ionic conductivity and electrochemical stability of polymer 
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electrolytes.  
SPEs are desired to have high ionic conductivity values (>1.0 × 10
−4
 S/cm at 
25 °C) to allow the efficient charge-discharge of the batteries at room temperature.
12,13
 
PEO polymers are the most extensively studied polymer electrolytes for Li-battery 
applications due to their high chemical and electrochemical stability, ability to 
dissolve lithium salts, low cost, and non-toxicity.
14
 Unfortunately, lithium-salt doped 
PEO polymers have low ionic conductivities at ambient temperature, due to their high 
crystallinity.
15
 Addition of a plasticizer has been used as one of the many strategies to 
increase their ionic conductivity.
16-20
 McBreen and co-workers listed the following 
criteria for plasticizer selection: a) ability to decrease the glass transition temperature 
of the polymer host allowing better segmental motion for Li-ion conduction, b) high 
dielectric constant to increase the lithium salt dissociation, c) ability to suppress the 
crystallinity of the polymer host, c) good miscibility with the polymer, d) low 
volatility, and e) inertness towards the electrode materials.
18
 Numerous plasticizers 
have been used to improve the conductivity of SPEs, including oligomers of 
poly(ethylene glycol) (PEG),
20,21
 cyclic carbonates,
18,22,23
 and ionic liquids.
24-26
 Cyclic 
carbonates have high dielectric constant values, which cause greater lithium salt 
dissociation, leading to higher ionic conductivity. It has been shown that higher ionic 
conductivities (>10
−4
 S/cm at 25 °C) could be obtained for PEO-LiCF3SO3 polymer 
electrolytes at higher weight percentages (~ 150 wt%) of propylene carbonate (PC).
22
 
However, the mechanical properties of these PC-doped polymer electrolytes 
deteriorate upon plasticization. Most importantly, these cyclic carbonates are 
flammable, which raises safety concerns. In contrast to cyclic carbonate plasticizers, 
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PEG oligomers and ionic liquids are less/non-flammable, and hence they are safer 
alternatives to the flammable cyclic carbonate plasticizers. 
To formulate a SPE composition that supports high voltage cathode material 
and is stable with a lithium metal anode, we investigated the effects of changing 
counter anions of the lithium salt on the electrochemical properties of the electrolyte. 
For some SPE formulations, we used a use of mixture of two different salts to 
investigate their effects on electrochemical performance. In addition, we also 
examined the effects of various plasticizers on the conductivity of an optimized SPE 
composition.  
4.3 Results and Discussion 
In Chapter 2, we reported cross-linked polyethylene/poly(ethylene oxide) 
(PE/PEO) solid polymer electrolytes (SPEs), comprised of mechanically strong 
polyethylene (PE) chains covalently cross-linked by Li-ion conducting poly(ethylene 
oxide) (PEO) segments. The cross-linked polymer framework of PE/PEO electrolytes 
is shown in Figure 4.1. We studied different sample compositions by varying the 
number of EO units in the cross-links, cross-linking density, and weight% of the 
plasticizer. After testing large number of samples, we found an optimum SPE 
composition (
80
PEOX: ~80 ethylene oxide units in the cross-links, 34 PE units 
between the cross-links, 31 wt% PEG275 as the plasticizer, and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) as the salt). The optimized formulation 
exhibited high ionic conductivity (>1.0 × 10
−4
 S/cm at 25 °C) and excellent resistance 
to lithium dendrite growth. These optimized LiTFSI-doped SPE formulations are 
potential candidates for 4.0 V Li-metal batteries (LMBs), as demonstrated by cyclic 
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voltammetry measurements.
27
 However, they cannot be employed for LMBs equipped 
with 5.0 V cathode materials due to electrochemical decomposition of the electrolyte 
at high voltages against the cathode.  
4.3.1 Effect of lithium salts  
To enhance the electrochemical stability of the cross-linked PE/PEO polymer 
electrolytes for high voltage applications, we investigated the effect of varying the 
counter anions of the lithium salts for the optimized SPE formulation (
80
PEOX) on the 
electrochemical stability. The cross-linked polymer framework and the structures of 
the lithium salts are shown in Figure 4.1. Eight different lithium salts were developed 
by employing four lithium salts; four formulations contained a single lithium salt 
(Table 4.1, entries 1, 2, 7, 8) and the remaining four SPE formulations were comprised 
of a mixture of two lithium salts, LiTFSI and lithium bis(oxalato)borate (LiBOB) in 
varied ratios (Table 4.1, entries 3–6). The DSC traces of plasticized SPEs containing 
different lithium salts are shown in Figure 4.2. The SPE composition with LiTFSI salt 
exhibited the lowest glass transition temperature (Tg) value of −61 °C, while the SPEs 
containing sulfonate salts, namely C4F9SO3Li (entry 7) and CF3SO3Li (entry 8)  
 
 
Figure 4.1 Polyethylene/poly(ethylene oxide) polymer electrolytes with different 
lithium salts. Left: Polymer framework. Right: Lithium salts tested for various 
formulations. 
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Table 4.1 Compositions and thermal properties of plasticized PE/PEO cross-linked 
SPEs with different lithium binary saltsa 
Entry Lithium Salt 
PE Segmentsb 
 
PEO Segmentsc 
 Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
Tg
d
 
(°C) 
Tc
d
 
(°C) 
Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
1 LiTFSI 95 20.1  −61 −26 18 14.9 
2 LiBOB 97 28.3  −50 n.d.f n.d.f n.d.f 
3 LiTFSI/LiBOB (80:20) 97 26.5  −56 −14 14 3.3 
4 LiTFSI/LiBOB (70:30) 98 28.8  −57 −17 14 6.7 
5 LiTFSI/LiBOB (60:40) 98 27.6  −56 −15 13 5.7 
6 LiTFSI/LiBOB (50:50) 86 33.7  −53 n.d.f n.d.f n.d.f 
7 C4F9SO3Li 91 27.3  −49 −21 24 19.4 
8 CF3SO3Li 96 34.4  −36 n.d.
f
 27 29.4 
a
All films had 80 ethylene oxide (EO) units in the cross-linker, 34 polyethylene (PE) 
units between the cross-links, and [EO]:[Li] composition of 18:1; where EO where 
EO includes ethylene oxide units contained both in the cross-links and PEG 
plasticizer. 
b
PE segments: Polyethylene domains in the polymer electrolyte. 
c
PEO 
segments: Poly(ethylene oxide) domains in the polymer electrolyte. 
d
Glass transition 
temperature (Tg), cold crystallization temperature (Tc), melting temperature (Tm), and 
ΔHfus were determined by differential scanning calorimetry of the second heat cycle. 
f
Not detected. 
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showed the highest Tg values of −49 °C and −36 °C, respectively. For the SPEs 
containing LiBOB salt (entry 2) and a 50:50 mixture of LiBOB and LiTFSI (entry 6), 
no crystallization was observed in the PEO segments, suggesting that the 
bis(oxalateborate) (BOB) anion played a significant role in suppressing the 
crystallization of PEO in the network structure. Furthermore, the SPE formulations 
incorporating the mixtures of LiTFSI and LiBOB (entries 3–6) exhibited glass 
transition temperatures which were higher than the SPE containing LiTFSI (entry 1) 
and lower than the composition with LiBOB (entry 2), indicating that both the anions 
(TFSI and BOB) influenced the segmental mobility of the PEO chain in the network 
polymer electrolyte. 
 
 
Figure 4.2 DSC traces of PE/PEO cross-linked polymer electrolytes (80 EO units in 
the cross-linker, 34 PE units between the cross-links, 31 wt% PEG275 plasticizer) 
with different lithium salts.   
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The ionic conductivities of the SPEs containing different lithium salts were 
obtained using dielectric spectroscopic measurements
28
 at variable temperature (−5 to 
100 °C) and the data are shown in Figure 4.3. Notably, all the SPEs showed higher 
ionic conductivity values than the PEO standard (Mn ~ 900 kDa) sample at low and 
medium temperatures (−5 to 50 °C). In addition, the data clearly shows that there is a 
significant effect of the electrolyte salt upon the ionic conductivity. Among the salts 
investigated, the SPE formulation containing LiTFSI exhibited the highest ionic 
conductivities at all the measured temperatures. Presumably, the high conductivity 
 
 
Figure 4.3 Variable temperature conductivity of PE/PEO cross-linked polymers (80 
EO units in the cross-linker, 34 PE units between the cross-links, 31 wt% PEG275 
plasticizer) with different lithium salts.  
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value of this SPE is due to its lowest glass transition temperature, allowing better 
segmental motion of the PEO chains in the polymer electrolyte and thus facile Li-ion 
conduction. Although, the PEO domains in the SPE formulation containing LiBOB 
were amorphous (i.e. the crystallization of PEO was completely suppressed), this SPE 
(Table 4.1, entry 2) exhibited the lowest ionic conductivity (4.8 × 10
−5
 S/cm at 25 °C) 
of the tested SPEs. We postulate that this conductivity drop is due to the coordination 
of Li
+
 ion with the BOB anion, as shown in Figure 4.5. The chelation with the BOB  
 
 
Figure 4.4 Room temperature conductivity of 
80
PEOX electrolytes (80 EO units in the 
cross-linker, 34 PE units between the cross-links, 31 wt% PEG275 plasticizer) with 
variable lithium salts.   
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anion lowers the lithium ion mobility, leading to a lower ionic conductivity value. A 
significant effect of the Li
+
-BOB
−
 coordination was also reflected in the ionic 
conductivity values for the SPE formulations containing a mixture of LiTFSI and 
LiBOB (Table 4.1, entries 3–6). The conductivity values dropped drastically when 
LiBOB was added to the SPE formulations containing LiTFSI. Even for the 
composition with the lowest mole fraction of LiBOB (Table 4.1, entry 3), the ionic 
conductivity value was observed to be 8.3 × 10
−5
 S/cm at 25 °C, which is two times 
lower than the LiTFSI-doped SPE.  
 
 
Figure 4.5 Proposed model for low ionic conductivity of LiBOB-doped SPE. 
 
 
In the pursuit of finding a SPE formulation with an enhanced electrochemical 
stability window, we performed cyclic voltammetry (CV) measurements on the 
lithium salt doped SPEs (Table 4.1). The CV measurements were performed on 
Li/SPE/SS coin cells at 1 mV/s and 22 °C, and the data are shown in Figure 4.6. The 
two reversible features were observed in the CVs around 1.0 V and 2.0 V and they 
could be attributed to the oxide impurities in the stainless steel working electrode.
29
 
The oxidative instability for an SPE was gauged by an irreversible response on the 
cyclic voltammogram; the electrochemical stability data for the lithium salt-doped 
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SPE formulations are summarized in Figure 4.7. The data clearly indicate that the 
counter anions play a crucial role in dictating the electrochemical stability window for 
an SPE. While the LiTFSI-doped SPE composition displayed the voltage stability up 
to 3.9 V (Figure 4.6a), the oxidative stability was significantly enhanced upon addition 
of LiBOB to the SPE formulations. In particular, LiBOB-doped SPE showed an 
electrochemical stability up to 4.6 V at 22 °C (Figure 4.6b). Also, the SPE 
compositions containing mixtures of LiTFSI and LiBOB salts showed an enhanced 
electrochemical stability window when compared to LiTFSI. For the CF3SO3Li-doped 
SPE composition, the electrochemical stability window was wider than the SPE 
containing LiTFSI (stable up to 4.2 V compared to 3.9 V) at ambient temperature. 
Greenbaum and co-workers observed a similar electrochemical stability trend for 
LiTFSI and CF3SO3Li-doped PEO/Al2O3 composites.
10
 C4F9SO3Li-doped polymer 
electrolyte showed an oxidation peak around 4.5 V, which could be attributed to the 
unknown impurities in the commercially available C4F9SO3Li salt. This SPE 
composition (Table 4.1, entry 7) is stable up to 4.5 V, which is approximately 0.3 V 
higher than the CF3SO3Li salt-doped composition (Table 4.1, entry 8). Kita and co-
workers observed similar oxidative stability increase for the liquid electrolytes 
containing anions of organic lithium salts with longer fluoroalkyl groups.
7
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Figure 4.6 Cyclic voltammograms of cross-linked electrolytes (80 EO units in the 
cross-linker, 34 PE units between the cross-links, 31 wt% PEG275 plasticizer, and 
[EO]:[Li] ratio of 18:1) containing different lithium salts at 1 mV/s scan rate and 22 
°C. a) LiTFSI, b) LiBOB, c) LiTFSI/LiBOB (60:40), d) LiTFSI/LiBOB (50:50), e) 
CF3SO3Li, and f) C4F9SO3Li.   
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Figure 4.7 Electrochemical stability of 
80
PEOX electrolytes (80 EO units in the cross-
linker, 34 PE units between the cross-links, 31 wt% PEG275 plasticizer, and [EO]:[Li] 
ratio of 18:1) containing different lithium salts at 22 °C.  
 
To summarize the effect of lithium salts in the electrolyte formulation on the 
properties of electrolyte – counter anions of the lithium salts were found to have a 
significant effect on both the ionic conductivity and the electrochemical stability of the 
SPE. Among the tested lithium salts, the SPE containing LiTFSI showed the highest 
conductivity value of 1.7 × 10
−4
 S/cm at 25 °C and an electrochemical stability up to 
3.9 V. Although a significant improvement in the electrochemical stability was 
observed for the SPE compositions containing LiBOB/LiTFSI salt combinations 
compared to LiTFSI-doped SPEs, addition of LiBOB to the LiTFSI-doped SPE 
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4.3.2 Effect of plasticizers 
In an effort to increase the conductivity of the cross-linked PE/PEO SPEs, we 
investigated the effects of different plasticizers in the SPE formulations. The polymer 
framework and the plasticizers explored in the current study are shown in Figure 4.8. 
Five different plasticizers were chosen for this study – dimethoxy-terminated PEG (Mn 
275 Da and 500 Da), star PEG (Mn of each arm ~ 500 Da), bis(cyclic carbonate)-
terminated PEG (BCC-PEG; Mn 500 Da), and tetracyclic carbonate (TCC). Star PEG, 
BCC-PEG, and TCC were synthesized, dried, and subsequently used as plasticizers for 
SPE formulations; dimethoxy-terminated PEGs were purchased from commercial 
sources and dried before their use as additives in the SPE formulations. The superior 
performance of multi-arm PEG or star PEG plasticizers at lower temperatures 
compared to the linear plasticizers, as reported by Kang and co-workers, inspired us to 
use them for the current study.
20
 The high dielectric constant of the cyclic carbonates 
(BCC-PEG500 and TCC) and their solubility in lithium salts motivated their use as 
plasticizers for this study.  
 
 
Figure 4.8 Polyethylene/poly(ethylene oxide) polymer electrolytes with different 
plasticizers. Left: Polymer framework. Right: Plasticizers investigated for the SPE 
formulations.  
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The compositions and the thermal data for the SPE formulations containing 
five different plasticizers are listed in Table 4.2. The DSC traces of these plasticized 
SPE formulations are shown in Figure 4.9. Among the SPE compositions with linear 
plasticizers (PEG275, PEG500, and BCC-PEG500), the one containing PEG275 
exhibited the lowest glass transition temperature of −61 °C and had crystalline PEO 
domains in the network polymer. In contrast to the PEG275 formulation, the SPE 
containing BCC-PEG500 plasticizer (Table 4.2, entry 4) was completely amorphous in 
the PEO segments (i.e. no Tm was observed for the PEO segments).  
 
Table 4.2 Compositions and thermal properties of PE/PEO cross-linked SPEs with 
different plasticizersa 
Entry Additive 
PE Segmentsb 
 
PEO Segmentsc 
 Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
Tg
d
 
(°C) 
Tc
d
 
(°C) 
Tm
d
 
(°C) 
ΔHfus
d 
(J/g) 
1 None 91 15.2  −47 −14 20 15.2 
2 PEG275 95 20.1  −61 −26 18 14.9 
3 PEG500 110 12.9  −56 n.d.f 29 43.6 
4 BCC-PEG500 109 13.8  −42 n.d.f n.d.f n.d.f 
5 Star-PEG500 101 17.6  −42 0 22 2.2 
6 TCC 99 23.2  −25 n.d.f n.d.f n.d.f 
a
All films had 80 EO units in the cross-linker, 34 PE units between the cross-links, 
and LiTFSI salt at the [EO]:[Li] composition of 18:1; where EO includes ethylene 
oxide units contained both in the cross-links and the plasticizer. 
b
PE segments: 
Polyethylene domains in the polymer electrolyte. 
c
PEO segments: Poly(ethylene 
oxide) domains in the polymer electrolyte. 
d
Glass transition temperature (Tg), cold 
crystallization temperature (Tc), melting temperature (Tm), and ΔHfus were determined 
by differential scanning calorimetry of the second heat cycle. 
f
Not detected.  
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However, BCC-PEG500 plasticizer led to a significant increase in glass transition 
temperature (Tg = −42 °C) compared to the unplasticized composition, which is 
presumably due to the inter- and intra- molecular dipole-dipole interactions of the 
cyclic carbonate units. Most likely, similar kinds of secondary interactions of the 
cyclic carbonate moiety occurred in the TCC containing formulations (Table 4.2, entry 
6) and consequently a significantly higher Tg value of −25 °C was observed. Kim and 
co-workers observed a similar thermal transitions trend for the cyclic carbonate 
containing plasticizers.
19
  
 
 
Figure 4.9 DSC traces of 
80
PEOX electrolytes (80 EO units in the cross-linker, 34 PE 
units between the cross-links, LiTFSI salt at [EO]:[Li] composition of 18:1) with 
different plasticizers. 
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Room temperature ionic conductivity measurements were performed on the 
SPEs containing different plasticizers and the data are shown in Figure 4.10. The room 
temperature ionic conductivity of the unplasticized SPE was 1.7 × 10
−4
 S/cm. Upon 
plasticization, the conductivity of all the SPEs except the one containing TCC 
increased. Most likely, this is due to the strong chelation of the Li
+
 ion with the four 
cyclic carbonate units in the TCC, which leads to low lithium ion mobility and 
reduced ionic conductivity. As expected, the SPE formulation with the lowest Tg (the 
one containing PEG275 plasticizer) showed the highest ionic conductivity value (1.7 × 
10
−4
 S/cm at 25 °C). The molecular weight of the PEG oligomer was observed to have 
a significant effect on the Li
+
 ion conduction. The SPE with PEG500 plasticizer 
exhibited 5 times lower ionic conductivity than the electrolyte composition with 
PEG275 (3.6 × 10
−5
 S/cm compared to 1.7 × 10
−4
 S/cm at 25 °C). Presumably, this is  
 
Figure 4.10 Room temperature conductivity of 
80
PEOX electrolytes (80 EO units in 
the cross-linker, 34 PE units between the cross-links, and LiTFSI salt at the [EO]:[Li] 
composition of 18:1) containing different plasticizers.   
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due to the increase in viscosity of the electrolyte with increase in molecular weight of 
the PEG plasticizer, which ultimately leads to reduced lithium ion mobility. Kim and 
co-workers observed similar molecular weight effects of the PEG plasticizers upon the 
ionic conductivity of polymer electrolytes.
19
 The connectivity of PEG chain (Mn ~ 500 
Da) had little effect on the conductivity (Table 4.2, entries 3–5) suggesting that the 
segmental motion of the PEO chain is very similar in these SPE compositions at 
ambient temperature.  
4.4 Conclusions 
In summary, we have shown that lithium salts and plasticizers have a 
significant impact on the properties of the cross-linked PE/PEO electrolyte 
formulations. A new LiBOB-doped SPE formulation was developed that displayed 0.7 
V higher electrochemical decomposition voltage than the LiTFSI-doped composition. 
However, the ionic conductivity of this LiBOB containing SPE was five times lower 
than the SPE containing LiTFSI salt. The effect of various plasticizers in LiTFSI-
doped SPE formulations was also examined. Of the tested SPE compositions, the 
formulation with low molecular weight dimethoxy-terminated PEG (Mn = 275 Da) 
plasticizer exhibited the highest ionic conductivity while the SPE composition with 
tetracyclic carbonate plasticizer showed the lowest ionic conductivity. Current 
research efforts in our laboratory are focused on developing SPE formulations with 
different fluorinated additives to improve the electrochemical stability. Additionally, 
other plasticizers such as ionic liquids and crown ethers are also being explored for 
making new SPE compositions to improve the conductivity of the SPE.   
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4.5 Experimental 
4.5.1 General 
All reactions and manipulations of air and moisture sensitive compounds were 
carried out under dry nitrogen using a Braun UniLab drybox or standard Schlenk line 
techniques unless otherwise specified. 
1
H NMR spectra were collected in deuterated 
solvents on a Varian INOVA 400 or Varian INOVA 500 spectrometer and referenced 
with residual non-deuterated solvent shifts (CHCl3 = 7.24 ppm) and are reported 
relative to tetramethylsilane (δ = 0 ppm). 13C NMR spectra were recorded on a Varian 
INOVA (
13
C, 100 MHz) or Varian INOVA (
13
C, 125 MHz) spectrometer and 
referenced to chloroform (δ 77.23 ppm). High-resolution mass spectrometry (HRMS) 
analyses were performed at the Mass Spectrometry Laboratory at the University of 
Illinois at Urbana-Champaign. MALDI mass spectra were obtained on a Waters Micro 
MX MALDI-TOF mass spectrometer using negative ion mode and a reflectron 
detector. Samples were prepared by depositing the analyte dissolved in a saturated 
dithranol solution onto a stainless steel sample plate. The plate was dried in air before 
loading it into the instrument.  
Gel permeation chromatography (GPC) analyses were carried out using an 
Agilent PL-GPC 50 integrated system, equipped with UV and refractive index 
detectors, and 2 PL gel Mini-MIX C columns (5 micron, 4.6 mm ID). The GPC 
columns were eluted with tetrahydrofuran at 30 °C at 0.3 mL/min and were calibrated 
with monodisperse polystyrene standards. Differential scanning calorimetry (DSC) 
analyses of polymer samples were performed on either a TA Instruments Q1000 
instrument equipped with liquid nitrogen cooling system or a Mettler Polymer DSC 
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instrument equipped with a chiller. Polymer samples on TA Instruments Q1000 
instrument were made in aluminum pans and heated under nitrogen from −100 °C to 
180 °C at a rate of 10 °C per minute and then cooled to −100 °C at a rate of 10 °C per 
minute, followed heating to 180 °C at a rate of 10 °C per minute. The glass transition 
temperature (Tg) and the melting temperature (Tm) were recorded from the second 
heating run.  
The conductivity data of the polymer electrolytes was obtained over a range of 
frequencies (0.1 to 3 × 10
6
 Hz) and temperatures (−5 °C to 100 °C) using a 
Novocontrol Dielectric Broadband Spectrometer fitted with a Quatro temperature 
control system. Conductivity measurements were performed using blocking/solid 
polymer electrolyte/blocking cell orientation, using gold plated stainless steel 
electrodes. Lithium/SPE/Stainless Steel (Li/SS/Li) coin cells were prepared in an 
argon filled MBraun glovebox using Hohsen components, size 2032, with 9.9 mm 
diameter lithium electrodes and a 12.7 mm diameter cross-linked electrolyte sample. 
Coin cell crimping was performed with a MTI electric crimping machine to ensure 
uniformity. The cyclic voltammetric measurements were performed on Li/SS/Li coin 
cells using a VersaStat 3 potentiostat (Princeton Applied Research) controlled by a 
VersaStudio software. The potential was scanned from −0.2 V to 4.5 V at 1 mV/s 
sweep rate and 22 °C.  
4.5.2 Materials 
Sodium hydride (95%), 1,5-cyclooctadiene, cis-cyclooctene (95%), meta-
chloroperoxybenzoic acid (≤77%), tetrabutylammonium bromide (ACS reagent, 
98%), allyl bromide (reagent grade, 97%), poly(ethylene glycol) digycidyl ether (Mn 
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~ 500 Da), Grubbs 2
nd
 Generation catalyst (Cl2(iMes)(PCy3)Ru=CHPh), and 
Crabtree’s catalyst [(COD)Ir(py)(PCy3)]PF6 were purchased from Sigma-Aldrich and 
used as received. Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI; 99.95% trace 
metals basis), lithium bis(oxalate) borate (LiBOB), and lithium 
trifluoromethansulfonate (LiCF3SO3; 99.95% trace metals basis) were purchased from 
Sigma-Aldrich and dried in vacuum at 90 °C for 24 h and transferred directly into the 
glove box. Lithium 1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfonate (LiC4F9SO3) was 
obtained from TCI America and dried in vacuum at 90 °C for 24 h and transferred 
directly into the glove box. Ethylene oxide was purchased from Sigma-Aldrich and 
dried over n-BuLi before use. Pentaerythritol was purchased from Sigma-Aldrich and 
recrystallized from anhydrous DMF (>99%) before use. Dibromo-p-xylene (97%) and 
benzyl bromide (99%) was purchased from Alfa Aesar and used as received. Sodium 
hydroxide, sodium bicarbonate, potassium hydroxide, sodium sulfate, sodium 
bisulfite, and sodium chloride were purchased from Mallinckrodt and used as 
received. HPLC grade tetrahydrofuran was purchased from Fisher Scientific and dried 
over an alumina column and degassed by three freeze pump thaw cycles before use. 
Chloroform was dried over P2O5 and distilled prior to use. Hydrogen (99.99%) was 
purchased from Airgas. CO2 was purchased from Airgas and passed over a column of 
4Å molecular sieves before use. CDCl3 was purchased from Cambridge Isotope 
Laboratories (CIL) and used as received.  
Following a literature procedure,
30
 5-hydroxy-1-cyclooctene was prepared, 
dried over activated 3 Å sieves, and degassed by three freeze pump thaw cycles before 
use. Potassium naphthalenide in THF was prepared from naphthalene and potassium at 
 176 
a concentration of 0.35 M (titrated with a standard benzoic acid solution until a 
persistent green color was observed as an end-point of the titration) and degassed by 
three freeze pump thaw cycles before use. 
4.5.3 Synthesis 
4.5.3.1 Synthesis of plasticizers 
Preparation of star poly(ethylene glycol), A (Mn of each arm ~ 500 Da)  
 
Scheme 4.1 Synthesis of star poly(ethylene glycol). 
 
Preparation of Star PEG-500 (A): In a N2 glovebox, a Fischer-Porter bottle was 
charged with pentaerythritol (173 mg, 1.27 mmol) solution in THF (2.5 mL). A 
solution of potassium naphthalenide (1.9 mL, 0.35 M, 5.1 mmol) in THF was added to 
the alcohol solution dropwise resulting in a dark green solution. The vessel was sealed 
with the reactor head and the apparatus was removed from the box and stirred at 40 °C 
for 2 h. The solution was cooled to −78 °C and ethylene oxide (2.46 g, 55.8 mmol) 
was then condensed into it. The solution was allowed to warm to room temperature 
over 16 h. After 16 h, the living alkoxide was capped with benzyl bromide (1.7 g, 9.9 
mmol), which resulted in immediate precipitation of white KBr salt. The reaction 
mixture was stirred at 35 °C for 3 h and then allowed to cool to room temperature. The 
salts formed were filtered over a Celite plug and the filtrate was partially concentrated 
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on rotary evaporator. Star-PEG was then precipitated in ~200 mL hexanes. The 
hexanes was decanted and the resulting viscous polymer (1.9 g, 73%) was dried in 
vacuum at 30 °C for several hours until its mass was constant. 
1
H NMR (500 MHz, 
Chloroform-d) δ 7.56 – 7.27(m, 20H), 4.67 – 4.40 (m, 8H), 3.95 – 3.26 (m, 150H). 13C 
NMR (126 MHz, CDCl3) δ 138.25, 128.33, 127.71, 127.56, 73.20, 70.55, 69.41. THF 
GPC: Mn 1.0 kDa and Mw/Mn 1.4. 
 
 
Preparation of Tetracyclic carbonate (D) 
 
Scheme 4.2 Synthesis of tetracyclic carbonate. 
 
 
Synthesis of 3-(3-(allyloxy)-2,2-bis((allyloxy)methyl)propoxy)prop-1-ene (B): 
Compound B was synthesized according to a modified literature procedure.
31
 KOH 
(4.94 g, 88.1 mmol) and tetrabutyl ammonium bromide (2.91 g, 9.03 mmol) were 
added to a solution of pentaerythritol (1.0 g, 7.3 mmol) in 20 mL of THF under air. 
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Allyl bromide (7.63 mL, 88.1 mmol) was dropwise injected into the reaction mixture 
via a syringe. The resulting mixture was then refluxed for 24 hours, cooled to room 
temperature, and filtered. The organic layer was diluted with diethyl ether (2 × 50 
mL), washed with saturated brine solution (30 mL), and dried over anhydrous sodium 
sulfate. The organic layer was concentrated under reduced pressure to yield the 
product (1.9 g, 89%). 
1
H NMR (500 MHz, Chloroform-d) δ 5.87 (ddt, J = 17.2, 10.5, 
5.3 Hz, 4H), 5.33 – 5.06 (m, 8H), 3.94 (dt, J = 5.4, 1.5 Hz, 8H), 3.45 (s, 8 H). 13C 
NMR (126 MHz, CDCl3) δ 135.35, 116.18, 72.36, 69.46, 45.51. HRMS (ESI) m/z 
calculated for C17H29O4 (M
+
) 297.2066, found 297.2070. 
 
Synthesis of 2,2'-(((2,2-bis((oxiran-2-ylmethoxy)methyl)propane-1,3-diyl) 
bis(oxy))  bis(methylene))bis(oxirane) (C): A solution of mCPBA (1.8 g, 8.2 mmol) 
in dichloromethane (30 mL) was dropwise added to compound B (1.9 g, 6.4 mmol) via 
a addition funnel under air at 22 °C. The resulting mixture was stirred for 24 h at room 
temperature. The reaction mixture was filtered and washed with aqueous NaHSO3 to 
react with the excess mCPBA. The resulting phases were separated and the aqueous 
layer was extracted with diethyl ether (2 × 50 mL). The organic layer was washed with 
saturated NaHCO3 solution, dried with sodium sulfate, filtered, and concentrated 
under reduced pressure to yield the product (2.3 g, 94%). 
1
H NMR (400 MHz, CDCl3) 
δ 3.65 (dd, J = 11.7, 2.8 Hz, 4H), 3.50 – 3.39 (m, 8H), 3.31 (ddq, J = 11.6, 5.8, 0.9 Hz, 
4H), 3.06 (ddt, J = 5.7, 4.2, 2.8 Hz, 4H), 2.72 (dd, J = 5.1, 4.1 Hz, 4H), 2.54 (dd, J = 
5.1, 2.7 Hz, 4H). 
13
C NMR (101 MHz, CDCl3) δ 72.03, 69.91, 50.83, 45.73, 44.17. 
HRMS (ESI) m/z calculated for C17H29O8 (M
+
) 361.1862, found 361.1863.  
 179 
Synthesis of 4,4'-(((2,2-bis(((2-oxo-1,3-dioxolan-4-yl)methoxy)methyl)propane-
1,3-diyl)bis(oxy))bis(methylene))bis(1,3-dioxolan-2-one) (D): A glass sleeve with a 
magnetic stir bar was charged with tetrabutyl ammonium bromide (18 mg, 0.056 
mmol), compound C (1.8 g, 4.8 mmol), and chloroform (5 mL) and placed in a Parr 
reactor. It was pressurized to 400 psig with CO2 and then vented down to 100 psig. 
This process was repeated twice more to purge the reactor of air, then pressurized to 
400 psig and heated to 130 °C. After 16 h, the Parr reactor was cooled to room 
temperature, vented, and the crude reaction mixture was concentrated under reduced 
pressure to yield the product as a light brown liquid (2.6 g, 96%). 
1
H NMR (400 MHz, 
Chloroform-d) δ 4.88 – 4.76 (m, 4H), 4.55 – 4.29 (m, 8H), 3.70 (dtd, J = 10.9, 5.5, 2.2 
Hz, 4H), 3.63 – 3.52 (m, 4H), 3.51 – 3.36 (m, 8H). 13C NMR (126 MHz, CDCl3) δ 
155.38, 75.39, 70.93, 70.73, 70.52, 70.46, 69.68, 69.55, 69.48, 66.31, 45.80, 31.03. 
HRMS (ESI) m/z calculated for C21H29O16 (M
+
) 537.1456, found 537.1458. 
 
Preparation of bis(cyclic carbonate) terminated poly(ethylene glycol) (BCC-PEG) 
PEG (E)  
 
 
 
Scheme 4.3 Synthesis of bis(cyclic carbonate) terminated poly(ethylene glycol) (E). 
 
Synthesis of BCC-PEG (E): A glass sleeve with a magnetic stir bar was charged with 
tetrabutyl ammonium bromide (75 mg, 0.23 mmol), diglycidyl polyethylene glycol 
(5.0 mL, 0.011 mmol; Mn 500), and chloroform (1 mL) and placed in a Parr reactor. It 
was pressurized to 400 psig with CO2 and then vented down to 100 psig. This process 
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was repeated twice more to purge the reactor of air, then pressurized to 440 psig and 
heated to 130 °C. After 20 h, the Parr reactor was cooled to room temperature, vented, 
and the crude reaction mixture was concentrated under reduced pressure to yield the 
product as a pale yellow viscous liquid (6.3 g, 96%). 
1
H NMR (400 MHz, 
Chloroform-d) δ 4.77 (ddt, J = 8.0, 6.1, 3.8 Hz, 2H), 4.50 – 4.39 (m, 2H), 4.38 – 4.30 
(m, 2H), 3.91 – 3.42 (m, 38H). 13C NMR (101 MHz, CDCl3) δ 154.98, 75.13, 71.15, 
70.42, 70.12, 66.22. MALDI-TOF (m/z): calculated for C22H38O14Na (M + Na
+
) 
549.2159, found 549.3552.  
 
4.5.3.2 Synthesis of the PEO Functionalized Cross-linker  
 
Scheme 4.4 General scheme for the synthesis of cross-linker 1. 
 
For the synthesis of 2, see Section 2.5.3.1. 
For the synthesis of PEO functionalized cross-linker (1), see Section 2.5.3.1. 
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1
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4.5.3.3 Synthesis of Solid Polymer Electrolytes 
Synthesis of Cross-Linked SPEs with Different Lithium Salts 
 
Figure 4.11 Synthesis of the cross-linked PE/PEO polymer electrolytes with different 
lithium salts.  
 
 
Sample procedure for the synthesis of cross-linked PE/PEO electrolytes with 
different salts (LiBOB as the salt; Table 4.1, entry 2): Cross-linker 1 (122 mg, 
0.0329 mmol) with 76 EO units in the cross-linker and COE (73 μL, 0.56 mmol) were 
combined and dissolved in 1.5 mL of THF. Grubbs’ 2nd generation catalyst (1.0 mg, 
0.0012 mmol) dissolved in 0.5 mL of THF was added to the monomer mixture, 
followed by addition of LiBOB (54.3 mg, 0.28 mmol) and PEG275 (120 mg, 0.436 
mmol). Crabtree’s catalyst (2.8 mg, 0.0035 mmol) dissolved in 0.5 mL CHCl3 was 
added to the resultant solution and shaken vigorously for a minute. The reaction 
mixture was then transferred to a metal dish (fluoropolymer-lined, diameter of 5.25 
cm and depth of 3.0 cm) placed in a volume glass chamber bearing two Kontes glass 
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valves on top. The chamber was placed on top of the hot plate equipped with a metal 
plate to ensure uniform heating and film was casted under N2 flow at 50 °C for 3 h. 
After the solvent evaporated off, the Kontes valves were closed and the glass chamber 
was taken in the glove box. Hexane was added to the metal dish in order to release the 
film from the dish. The film was dried in vacuum at 22 °C for 24 h and then placed in 
a Parr reactor equipped with an overhead stirrer and sealed. It was pressurized to 600 
psig with hydrogen and then vented down to 50 psig. This process was repeated twice 
more to purge the reactor of air, then pressurized to 600 psig and heated to 100 °C. 
After 16 h, the Parr reactor was cooled, vented and the plasticized SPE was dried 
under vacuum at 22 °C for 24 h. 
 
Synthesis of Cross-Linked SPEs with Different Plasticizers 
 
Figure 4.12 Synthesis of the cross-linked PE/PEO polymer electrolytes with different 
plasticizers.  
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Sample procedure for the synthesis of cross-linked PE/PEO electrolytes with 
different plasticizers (31 wt% PEG500 as the plasticizer; Table 4.2, entry 3): 
Cross-linker 1 (122 mg, 0.0305 mmol) with 82 EO units in the cross-linker and COE 
(73 μL, 0.56 mmol) were combined and dissolved in 1.5 mL of THF. Grubbs’ 2nd 
generation catalyst (1.0 mg, 0.0012 mmol) dissolved in 0.5 mL of THF was added to 
the monomer mixture, followed by addition of LiTFSI (79 mg, 0.28 mmol) and 
PEG500 (120 mg, 0.240 mmol). Crabtree’s catalyst (2.8 mg, 0.0035 mmol) dissolved 
in 0.5 mL CHCl3 was added to the resultant solution and shaken vigorously for a 
minute. It was then transferred to a metal dish (fluoropolymer-lined, diameter of 5.25 
cm and depth of 3.0 cm) and solution casted in the similar manner to the dry film as 
described above. The film was dried in vacuum at 22 °C for 24 h and then placed in a 
Parr reactor equipped with an overhead stirrer and sealed. It was pressurized to 600 
psig with hydrogen and then vented down to 50 psig. This process was repeated twice 
more to purge the reactor of air, then pressurized to 600 psig and heated to 100 °C. 
After 16 h, the Parr reactor was cooled, vented and the plasticized SPE was dried 
under vacuum at 22 °C for 24 h. 
4.5.4 DC Ionic Conductivity 
The DC ionic conductivity at each temperature was determined from the 
plateau value of the plot of real part of the conductivity as a function of frequency, as 
described in seminal work by Jonscher.
28
 For details, refer to Section 2.5.6. DC ionic 
conductivity values of the plasticized SPE formulations with different lithium salts at 
variable temperatures are given in Table 4.3.
 1
8
4
 
 
 
 
Table 4.3 DC ionic conductivities of plasticized solid polymer electrolytes with different lithium salts
a 
Entry  Lithium Salt 
DC Ionic Conductivity (S/cm)
b
 
−5 °C   10 °C 25 °C    40 °C    55 °C   70 °C    85 °C      100 °C 
          
1 LiTFSI 1.3 × 10
−5
 5.2 × 10
−5
 1.6 × 10
−4
 3.7 × 10
−4
 7.0 × 10
−4
 1.2 × 10
−3
 1.7 × 10
−3
 2.3 × 10
−3
 
2 LiBOB 2.7 × 10
−6
 1.4 × 10
−5
 4.8 × 10
−5
 1.2 × 10
−4
 2.3 × 10
−4
 3.8 × 10
−4
 5.5 × 10
−4
 6.8 × 10
−4
 
3 LiTFSI/LiBOB (80:20) 4.8 × 10
−6
 2.6 × 10
−5
 8.3 × 10
−5
  2.0 × 10
−4
 4.2 × 10
−4
 7.3 × 10
−4
 1.1 × 10
−3
 1.4 × 10
−3
 
4 LiTFSI/LiBOB (70:30) 3.5 × 10
−6
 1.7 × 10
−5
   5.8 × 10
−5
 1.4 × 10
−4
 2.8 × 10
−4
 4.9 × 10
−4
 7.8 × 10
−4
 1.1 × 10
−3
 
5 LiTFSI/LiBOB (60:40) 4.6 × 10
−6
 2.3 × 10
−5
    7.4 × 10
−5
 1.8 × 10
−4
 3.4 × 10
−4
 5.8 × 10
−4
 9.0 × 10
−4
 1.2 × 10
−3
 
6 LiTFSI/LiBOB (50:50) 2.9 × 10
−6
 1.5 × 10
−5
    5.0 × 10
−5
 1.3 × 10
−4
 2.6 × 10
−4
 4.5 × 10
−4
 6.9 × 10
−4
 9.6 × 10
−4
 
7 C4F9SO3Li 7.4 × 10
−6
 2.5 × 10
−5
    9.9 × 10
−5
 1.9 × 10
−4
 3.3 × 10
−4
 4.0 × 10
−4
 4.6 × 10
−4
 5.9 × 10
−4
 
a
All films had [EO]:[Li] composition of 18:1; where EO means ethylene oxide units in the PEOX cross-linker. 
b
Determined by 
dielectric spectroscopy measurements.  
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4.5.5 NMR Spectra 
(Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-ene (2) 
 
Figure 4.13 
1
H NMR Spectrum of (Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-ene 
(2). Signal at 7.26 ppm is residual CHCl3. 
 
 
Figure 4.14 
13
C NMR Spectrum of (Z)-5-((4-(bromomethyl)benzyl)oxy)cyclooct-1-
ene (2). Signal at 77.16 ppm is residual CDCl3. 
 
  
O
Br
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PEO functionalized cross-linker (1) 
 
Figure 4.15 
1
H NMR Spectrum of PEO functionalized cross-linker (1) of molecular 
weight 3.7 kDa. Signal at 7.26 ppm is residual CHCl3. 
 
 
Figure 4.16 
13
C NMR Spectrum of PEO functionalized cross-linker (1) of molecular 
weight 3.7 kDa. Signal at 77.16 ppm is residual CDCl3. 
  
OO
O
n
O
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Star PEG-500 (A)  
 
Figure 4.17 
1
H NMR spectrum of star poly(ethylene glycol) (PEG). The average 
molecular weight of each arm in the star PEG is 500 Da. Signal at 7.26 ppm is residual 
CHCl3. 
 
 
Figure 4.18 
13
C NMR spectrum of star poly(ethylene glycol) (PEG). The average 
molecular weight of each arm in the star PEG is 500 Da. Signal at 77.16 ppm is 
residual CDCl3. 
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3-(3-(allyloxy)-2,2-bis((allyloxy)methyl)propoxy)prop-1-ene (B) 
 
Figure 4.19 
1
H NMR spectrum of 3-(3-(allyloxy)-2,2-bis((allyloxy)methyl)propoxy) 
prop-1-ene (B). Signal at 7.26 ppm is residual CHCl3. 
 
 
Figure 4.20 
13
C NMR spectrum of 3-(3-(allyloxy)-2,2-bis((allyloxy)methyl)propoxy) 
prop-1-ene (B). Signal at 77.16 ppm is residual CDCl3. 
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2,2'-(((2,2-bis((oxiran-2-ylmethoxy)methyl)propane-1,3-diyl)bis(oxy))bis 
(methylene))bis(oxirane) (C) 
 
 
Figure 4.21 
1
H NMR spectrum of 2,2'-(((2,2-bis((oxiran-2-ylmethoxy)methyl) 
propane-1,3-diyl)bis(oxy))bis (methylene))bis(oxirane) (C). Signal at 7.26 ppm is 
residual CHCl3. 
 
 
 
Figure 4.22 
13
C NMR spectrum of 2,2'-(((2,2-bis((oxiran-2-ylmethoxy)methyl) 
propane-1,3-diyl)bis(oxy))bis (methylene))bis(oxirane) (C). Signal at 77.16 ppm is 
residual CDCl3.  
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4,4'-(((2,2-bis(((2-oxo-1,3-dioxolan-4-yl)methoxy)methyl)propane-1,3-diyl)bis 
(oxy)) bis(methylene))bis(1,3-dioxolan-2-one) (D) 
 
 
Figure 4.23 
1
H NMR spectrum of 4,4'-(((2,2-bis(((2-oxo-1,3-dioxolan-4-yl)methoxy) 
methyl)propane-1,3-diyl)bis (oxy)) bis(methylene))bis(1,3-dioxolan-2-one) (D). 
Signal at 7.26 ppm is residual CHCl3.  
 
 
Figure 4.24 
13
C NMR spectrum of 4,4'-(((2,2-bis(((2-oxo-1,3-dioxolan-4-yl)methoxy) 
methyl)propane-1,3-diyl)bis (oxy)) bis(methylene))bis(1,3-dioxolan-2-one) (D). 
Signal at 77.16 ppm is the residual CDCl3.  
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Bis(cyclic carbonate) poly(ethylene glycol) (BCC-PEG, E)  
 
Figure 4.25 
1
H NMR spectrum of BCC-PEG (E) of molecular weight 500 Da. Signal 
at 7.26 ppm is residual CHCl3.  
 
 
Figure 4.26 
13
C NMR spectrum of BCC-PEG (E) of molecular weight 500 Da. Signal 
at 77.16 ppm is the residual CDCl3. 
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CHAPTER 5 
Investigating Syndiotactic Polypropylene-b-Poly(ethylene oxide)-b-Syndiotactic 
Polypropylene Triblock Copolymers as Solid Polymer Electrolytes for Lithium Metal 
Batteries 
 
5.1 Abstract 
Solid block copolymer electrolytes comprised of syndiotactic polypropylene-
block-poly(ethylene oxide)-block-syndiotactic polypropylene (PEOP) doped with 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) were synthesized and 
characterized for the first time. Materials containing a semi-crystalline block as the 
mechanically robust phase have received relatively little attention previously in the 
literature. While each block exhibits high crystallinity in the neat state, the addition of 
LiTFSI inhibits the crystallization of the poly(ethylene oxide) (PEO) block without 
quantitatively affecting the crystalline nature of syndiotactic polypropylene (sPP). The 
block copolymers form strongly-segregated morphologies both in the absence and 
presence of LiTFSI that persist to high temperatures. PEOP/LiTFSI electrolytes were 
found to have reasonable conductivities that follow the expected Vogel-Tammen-
Fulcher behavior of polymer electrolytes. Unlike previously studied block copolymer 
electrolytes, these PEOP/LiTFSI electrolytes exhibit an optimal conductivity at 
intermediate molecular weight. 
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5.2 Introduction 
Solid polymer electrolytes (SPEs) have been demonstrated to be one of the key 
components for the development of next-generation high performance batteries in 
combination with a lithium metal anode.
1,2
 Extensive work has shown that 
poly(ethylene oxide) (PEO) possesses good ionic conductivity when doped with 
organic salts.
3
 Subsequent implementation of PEO in full cell battery experiments has 
demonstrated its potential for use as a practical SPE.
4-7
 In salt-containing PEO, ionic 
transport is linked to the polymer chain segmental motion,
8,9
 which occurs 
predominantly in the amorphous phase.
10,11
 Thus SPE-based battery must be operated 
at temperatures (T) above the PEO melting temperature, Tm,PEO. However, it has been 
shown that the mechanical properties of PEO in the amorphous phase are insufficient 
to prevent short circuit due to lithium dendrite growth originating at the lithium metal 
anode during battery cycling.
12,13
 The design of a SPE material which pairs high ionic 
conductivity with robust mechanical properties is clearly an area of significant interest 
to facilitate high-energy density batteries. 
In light of the challenges associated with creating an optimal SPE, a variety of 
polymeric systems have been investigated. Molecular architectures such as comb-like 
copolymers,
14,15
 cross-linked polymer networks,
16,17
 graft copolymers,
18-21
 and block 
copolymers
18,22
 have been explored for use as electrolytes in an attempt to 
independently tune the structural and transport properties. In many cases immiscibility 
between the blocks induces phase separation,
23-25
 producing ordered nanoscopic 
morphologies.
26
 Typically the resulting copolymer retains the properties of each 
polymer, yielding a material with hard, insulating phases interspersed with soft, 
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ionically conductive phases. 
In studies utilizing block copolymers as SPE, the archetypal mechanical phase 
is made of a polymer with high glass transition temperature (Tg) such as polystyrene 
(PS).
22,27-31
 For symmetric PS-PEO diblock copolymers
28-31
 (SEO), the ionic 
conductivity σ has been shown to increase with PEO chain length and a plateau value 
is reached as the molecular weight of the PEO block exceeds 100 kg/mol. In contrast, 
σ of PEO homopolymers decreases with increasing molecular weight, reaching a 
plateau as the molecular weight of the PEO block exceeds 1 kg/mol.
8
 Beyond PS-
based block copolymers, a wide range of different glassy polymers
32-37
 have been 
considered for use as the structural block. Mayes, Sadoway, and co-workers notably 
reported a loss in conductivity associated with an increased Tg of the structural block 
for PEO-based graft copolymer electrolytes.
38-41
 However, these arguments are 
inconsistent with the data previously reported in the literature.
28,42
  
In contrast to the extensive work described above featuring a glassy structural 
block, to our knowledge only P. Jannasch has reported the use of a semi-crystalline 
polymer as the structural block in a block copolymer electrolyte.
43
 The author studied 
a triblock copolymer composed of polyethylene as the outer, structural blocks, and an 
inner, ionically-conductive block comprising of a copolymer of PEO and 
poly(propylene oxide). For the solid polymer electrolyte application, the ideal 
molecular design contains a (semi-)crystalline block with melting temperature higher 
than that of the conducting block. Ionic conductivity in the range of 2 × 10
−4
 S / cm at 
90 C can be reached when this copolymer is doped with LiTFSI salt. 
Herein we report synthesis and characterization of symmetric syndiotactic 
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polypropylene-block-poly(ethylene oxide)-block-syndiotactic polypropylene (PEOP) 
triblock copolymers that are comprised of a central PEO block and a semi-crystalline 
syndiotactic polypropylene (sPP) as outer blocks. The thermal and morphological 
properties as well as the ionic conductivity of such PEOP block copolymers when 
doped with LiTFSI are reported and compared to PS-based block copolymer 
electrolyte studied previously. 
5.3 Results and Discussion 
To study the effect of a semi-crystalline structural polymer, such as syndotactic 
polypropylene (sPP) on the properties of a Li-ion conducting poly(ethylene oxide) 
(PEO) polymer, we synthesized syndiotactic polypropylene-block-poly(ethylene 
oxide)-block-syndiotactic polypropylene (PEOP) triblock copolymers. These PEOP 
block copolymers were synthesized using “click” coupling reaction of azide-
terminated sPP (sPP-N3) with the dipropargyl-terminated PEO (Figure 5.1). The sPP-
CH2-CH2-CH2-N3 was synthesized from allyl-terminated sPP (sPP-CH2-CH=CH2) in 
three consecutive steps in good yields.
44-46
 The percent end group functionalization of 
sPP polymer was mainly dependent on hydroboration/oxidation conditions such as 
solvent, reaction time, and temperature. End group analysis of the sPP-N3 polymers 
using 
1
H NMR spectroscopy suggested that there is some proton-terminated sPP (sPP-
CH2-CH2-CH3) present in the sPP-N3 polymer. The propargyl-terminated PEO was 
synthesized from commercially available PEO in one step using Williamson ether 
reaction of the deprotonated PEO with the propargyl bromide. Conversion of the 
hydroxyl to the propargyl-treminated PEO proceeded with high efficiency (>95%) 
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Figure 5.1 Synthesis and nomenclature of PEOP triblock copolymers. 
 
according to the end group analysis using 
1
H NMR spectroscopy.  
Synthetic methodologies to obtain amphiphilic block copolymers, which are 
comprised of PEO as an ion-conducting block and a semi-crystalline polymer as a 
structural block, remain limited.
47,48
 Recently Zhu and co-workers reported azide-
alkyne “click” coupling reaction to synthesize sPP-b-PEO diblock copolymers.48 We 
used similar “click” chemistry methods to obtain amphiphilic PEOP triblock 
copolymers in this work. A coupling reaction of sPP-N3 was performed with 
dipropargyl-terminated PEO using Cu(I) as the catalyst and TBTA as the ligand
49
 to 
obtain PEOP triblock copolymers. The 
1
H NMR spectra of individual blocks and the 
PEOP triblock copolymer are shown in Figure 5.2. The peak corresponding to the -
CH2N3 end group of sPP-N3 polymer at δ 3.25 ppm disappeared and a new peak 
appeared at δ 4.31 ppm upon the triazole formation in the PEOP block copolymer. 
Also, once the coupling reaction occurred, the chemical shift of the signals originating 
from the HC≡C-CH2O- end groups of the propargyl terminated PEO shifted from δ 
4.16 ppm to δ 4.69 ppm. The presence of a characteristic peak of triazole moiety at δ 
7.55 ppm also confirms the “click” reaction and formation of PEOP triblock 
copolymer. 
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Figure 5.2 
1
H NMR spectra (500 MHz, CDCl3, 60 °C) of CH≡C-CH2O-PEO-CH2O-
C≡CH (blue), sPP-(CH2)3-N3 (green), and sPP-b-PEO-b-sPP triblock copolymer (red).  
 
The PEOP triblock copolymers synthesized for this study are listed in Table 
5.1. Each of the PEOP triblock copolymer samples contained a portion of 
unfunctionalized sPP homopolymer that was not able to react with functionalized PEO 
homopolymer and could not be removed from the triblock copolymer (Table 5.1). 
High temperature gel permeation chromatography (GPC) analyses of PEOP triblock 
copolymers do not reflect a significant increase in molecular weight. Presumably, this 
is due to insignificant change in hydrodynamic radii of the PEOP polymer and 
presence of sPP homopolymer. The presence of this sPP homopolymer might 
influence the mechanical properties and ionic conductivity of the PEOP electrolytes. 
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Table 5.1 Characteristics of PEOP triblock copolymers 
Polymer 
Mn,sPP
a
    
(kg/mol) 
NsPP
*b
 
Mn,PEO
a
 
(kg/mol) 
NPEO
*b
 ϕPEO sPP,h
a
 ϕc
c
 
mol% of 
unfunctionalized 
sPP
a
 
PEOP (4-3-4) 4.1 86 3.4 53 0.24 0.17 0.27 22 
PEOP (4-8-4) 4.0 84 8.5 133 0.44 0.32 0.49 49 
PEOP (4-16-4) 4.0 84 15.8 247 0.60 0.24 0.64 49 
PEOP (5-16-5) 5.0 105 15.8 247 0.54 0.33 0.59 56 
PEOP (10-38-10) 10.5 220 37.6 589 0.57 0.43 0.62 68 
a
 Determined by 
1
H NMR spectroscopy using end group analysis. 
b 
The length of each block in number of repeat units, relative 
to a reference unit volume v0 = 0.1 nm
3
, is given as NsPP
*
 and NPEO
*
 (where Ni
*
 is defined by Mn,i · vi / Mi · v0). The propylene 
repeat unit is defined with respect to a dimer of the propylene monomer (i.e., C6H12) by convention. MP and MEO are the repeat 
unit molar masses of propylene (84.16 g / mol) and ethylene oxide (44.05 g / mol), respectively. vP and vEO are the repeat unit 
volumes of propylene (0.176 nm
3
) and ethylene oxide (0.069 nm
3
), respectively, at a reference temperature of 140 °C. 
c
 ϕc is the 
volume fraction of the conducting phase. See the Experimental Section for more details.  
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Nonetheless, we used these PEOP triblock copolymers without any further purification 
for the thermal, morphological, and electrochemical studies described subsequently. 
To understand the crystalline nature of each block in PEOP block copolymers, 
we performed DSC measurements to identify the location of the melting transitions in 
each of the polymers considered here.  All samples exhibited two melting transitions 
in the vicinity of the melting points of syndiotactic PP and PEO homopolymers. The 
results of these experiments are summarized in Figure 5.3a, where Tm of each block is 
shown as a function of Mn. The measured Tm,sPP for high-Mn sPP is significantly 
reduced compared with previously reported values for homopolymer sPP and sPP-
containing block copolymers, albeit for polymers which generally possess much larger 
Mn than that considered here. The values for Tm,sPP represent the maximum value for 
the endothermic peak observed on heating the sample. Within experimental error, 
Tm,sPP was found to be independent of Mn, with an average value of 105 ± 5 °C. By 
comparison, thermal characterization of sPP homopolymers have shown that Tm,sPP 
increases monotonically with Mn in the range 1 – 50 kg/mol, at which point it reaches 
a plateau value of 160 °C.
50
 Block copolymers studied previously containing sPP have 
shown depressed Tm,sPP as well, generally in the range of 130 – 135 °C.
51-53
 In these 
cases, however, the Mn of the sPP blocks is again much higher than that encountered 
here. Another aspect that has been shown to affect the thermal transitions is the degree 
of syndiotacticity. De Rosa and co-workers synthesized sPP homopolymers of varying 
syndiotacticity and observed a reduction in Tm,sPP with decreasing syndiotacticity.
54
 In 
the sPP-containing block copolymers studied here, the tacticity of sPP is expected to 
be approximately 80% corresponding to a homopolymer melting temperature of 
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116 °C, based on an extrapolated linear relationship between Tm,sPP and % [rrrr].
55
 
Thus the values of Tm,sPP reported here seem reasonable. It is possible that the presence 
of a covalently-bonded PEO blocks could interfere with the sPP crystallization 
process, reducing both Tm,sPP and Xc,sPP. In contrast to PP crystallization, Tm,PEO is 
observed to increase monotonically with increasing Mn, from 38 to 63 °C while Mn,PEO 
is increased by approximately one order of magnitude. In the inset of Figure 5.3a, 
Tm,PEO is shown to have a linear dependence on 1 / Mn,PEO, which has been observed 
with PEO homopolymers
56
 as well as PEO-polyolefin block copolymers.
47
 The 
presence of two distinct melting endotherms found upon heating provides evidence for 
the existence of strongly immiscible microphases of the block copolymer. 
In addition to identifying the location of Tm for each block, it is also possible to 
determine Xc,i in each microphase from the DSC profiles. The results of this analysis 
are shown in Figure 5.3b. For the sPP blocks, similar to Tm,sPP, it is found that there is 
no dependence of Xc,sPP on Mn. The samples of PEOP were found to have Xc,sPP = 16 ± 
3 % in the neat state for the sPP phases. However, the PEO phases have a much higher 
crystalline fractions, with Xc,PEO = 41 ± 4 %. While Xc,PEO has larger variation across 
all samples than Xc,sPP, it seems to be also Mn-independent. 
DSC experiments were carried out for samples doped with LiTFSI to establish 
changes in the PEOP physical properties when utilized as an electrolyte. The results of 
these experiments are summarized in Figure 5.4. The samples were prepared at single 
salt concentration of r = 0.063 ± 0.006. This corresponds to a weight fraction wLi/EO of 
0.29 ± 0.02 of LiTFSI in the PEO domains, assuming that LiTFSI is completely 
solubilized by the PEO chains.
31,57
 When comparing Tm,sPP for the salt-free  
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Figure 5.3 Melting temperature (a) and crystallinity (b) of sPP and PEO blocks in neat 
PEOP triblock copolymer as a function of total molecular weight. The inset of (a) 
shows linear relationship between Tm,PEO and Mn,PEO. 
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crystalline nature of sPP, supporting the hypothesis that the salt is fully segregated to 
PEO domains. In the salt-containing PEOP samples, there is again no dependence of 
Tm,sPP on Mn, and the samples have an average value of 107 ± 3 °C. The presence of 
LiTFSI also has minimal effect on Xc,sPP, which decreases slightly to a value of 12 ± 
3%. Conversely, presence of LiTFSI has a significant impact on PEO crystallinity. 
The lowest-Mn copolymer, PEOP (4-3-4), has no measurable crystallinity when doped 
with LiTFSI.  Signatures of PEO crystallization remained absent when the temperature 
scan rate was decreased to 5 °C / min, suggesting that the presence of salt completely 
suppresses crystallization of PEOP (4-3-4). Aside from PEOP (4-3-4), the other four 
other samples studied exhibited DSC peaks consistent with PEO crystallization even 
in the presence of LiTFSI but with a reduction in Tm,PEO to a value that was roughly 
independent of Mn equal to 48 ± 3 °C. This result agrees with the findings described 
by Yuan et al.,
58
 for SEO electrolytes, where low Mn electrolytes (Mn,PEO < 8 kg / mol) 
show no observable crystallinity, while in the high-Mn case Tm,PEO was in reasonable 
agreement with Tm,PEO observed here for PEOP. The effect of LiTFSI on PEO 
crystallization is further examined by comparing Xc,PEO for the salt-free and salt-doped 
PEOP materials. The average value of Xc,PEO for the samples containing a non-zero 
crystalline fraction with added salt was equal to 12 ± 9 % compared to 41 ± 4 % for 
the salt-free PEOP polymer. This strong effect of LiTFSI on PEO crystallinity is to be 
expected, since PEO is well-known to solvate lithium salts via coordination with the 
ether oxygen that interferes with the ability of the chain to form crystalline 
structures.
11
  
 
  207 
 
Figure 5.4 Melting temperature (a) and crystallinity (b) of sPP and PEO blocks in 
LiTFSI-doped PEOP triblock copolymer.  
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The effect of salt on the crystalline nature of the polymers can also be observed 
using wide angle X-ray scattering (see Experimental Section). To quantify the effect 
of salt on the crystallinity of each block, we can consider the change in Xc as defined 
in eq. 1: 
                                    
0,c,
850,c,0,c,
,c




ri
.riri
i
X
XX
X                                        (1) 
In Figure 5.5, the values obtained for Xc are plotted as a function of PEO. The 
reduction in Xc,sPP is linearly dependent on PEO = 1 – sPP. Conversely, Xc,PEO has a 
non-monotonic dependence on PEO, with a minimum at intermediate values of PEO 
within the range considered here. 
 
 
Figure 5.5 Percent change in crystallinity for sPP and PEO blocks in LiTFSI-doped 
PEOP block copolymers. 
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We performed SAXS experiments on the neat PEOP as well as LiTFSI-doped 
material to determine the microphase separation exhibited by these samples. Figure 
5.6a shows the azimuthally-averaged SAXS profiles for neat and salt-doped PEOP in 
parts a and b, respectively. Each of the profiles was collected at 120 °C, well above Tm 
for each phase of the block copolymer, and thus represents the microphase condition 
at thermal equilibrium. Several observations are immediately evident. As Mn 
increases, there is a clear increase in d, both in the case of neat PEOP and PEOP-
LiTFSI mixtures, based on decreasing values of the primary scattering peak at q
*
. In 
Figure 5.6a it is found that d for PEOP (10-38-10) is large enough such that q
*
 cannot 
be resolved by the SAXS instrument utilized. Conversely the four PEOP samples with 
lower Mn have a quantifiable value of q
*
, which provides measured values of d that 
increases from 18 nm for PEOP (4-3-4) to 56 nm for PEOP (5-16-5). Based on 
qmin,SAXS = 0.1 nm
−1
, we can set a lower bound on d for PEOP (10-38-10) at 63 nm. In 
addition to determining the trend of d with Mn, the SAXS profiles can also be used to 
identify the morphology of the PEOP samples. For PEOP (4-3-4), the higher order 
peaks are located at q values which have ratio q / q
*
 = 3
1/2
, 7
1/2
, and 9
1/2
, indicative of 
the hexagonally-packed cylindrical morphology. PEOP (4-8-4), with a larger PEO = 
0.27, displayed higher order peaks at q / q
*
 = 2, 4, and 5, suggestive of lamellar 
morphology. Higher Mn polymers had less clearly defined morphologies. This is 
presumably due to slow diffusion of chains in the melt that prevents the formation of 
well-ordered morphologies. In spite of this, it is possible to identify probable 
morphologies for PEOP (4-16-4) and PEOP (5-16-5) based on the presence of 
“shoulder peaksˮ, which indicate that each of these polymers form the lamellar 
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morphology. This is reasonable since both of these polymers are reasonably 
symmetric (i.e., PEO close to 0.5). Since q
*
 for PEOP (10-38-10) is not observed in 
this experiment, it is not possible to identify the morphology based on SAXS. 
 
a) 
 
b) 
 
Figure 5.6 SAXS profiles for PEOP samples in the absence (a) and presence (b) of 
LiTFSI, at 120 °C. 
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The effect of LiTFSI addition on domain spacing and morphology was 
established by performing analogous SAXS experiments on salt-doped polymer. The 
results of these experiments are summarized in Figure 5.6b. In general the presence of 
LiTFSI had little quantitative effect on the structure of PEOP block copolymers. The 
intermediate-Mn PEOP samples have no significant change in d upon the addition of 
salt, and appear to retain the relatively low degree of long range order in the lamellar 
phase seen in the salt-free cases. Several important differences are important to 
identify. PEOP (4-3-4) underwent a transition in ordered morphology upon salt 
addition, from hexagonally-packed cylinders to lamellae. This can be rationalized in 
terms of the change of . Under the assumption of complete LiTFSI solubilization by 
PEO phases, the minor phase increases from PEO = 0.24 to conductive phase volume 
fraction c = 0.27. It is reasonable to expect that the change in  experienced by PEOP 
(4-3-4) could be sufficient to drive the formation of a lamellar phase in place of the 
cylindrical phase. A second significant difference between the salt-free profiles is 
found for PEOP (10-38-10). Interestingly, the addition of salt evidently changes the 
structure of this polymer such that it is possible to resolve the location of q
*
 for the 
mixture. 
 We used RSoXS to fully resolve the morphology of PEOP (10-38-10). While 
RSoXS has been demonstrated to be useful for characterizing the structure of a variety 
of block copolymer-based materials,
59,60
 its value for this work lies in the ability to 
tune the accessible q range, allowing study of large-d materials. In Figure 5.7 we show 
the RSoXS profile obtained for neat PEOP (10-38-10), as well as the PEOP (4-3-4) in 
the absence and presence of salt, to demonstrate the close correspondence of results 
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obtained from SAXS and RSoXS. In the case of neat PEOP (4-3-4), it is clear that the 
location of q
*
RSoXS is in reasonable agreement with q
*
SAXS (dRSoXS = 16.4 nm compared 
with dSAXS = 18.0 nm). The lack of quantitative agreement is probably due to multiple 
scattering effects in the presence of X-ray absorption. Similar agreement is found for 
PEOP (4-3-4) doped with LiTFSI. In addition, the RSoXS profile for PEOP (4-3-4) 
with LiTFSI was obtained for a q range which allowed resolution of a higher order 
peak at 2q
*
, indicating that the method could resolve the higher order peaks indicative 
of long range order in some cases. For PEOP (10-38-10), the X-ray  was tuned to 
extend the low-q range in order to clearly identify the location of q
*
. It is evident from 
Figure 5.7 that this was successful, as the profile thus obtained has a clear, albeit broad 
 
 
Figure 5.7 RSoXS profiles for PEOP (4-3-4) in the absence and presence of LiTFSI 
and neat PEOP (10-38-10), at 120 °C. Scattering profiles for PEOP (4-3-4) are in good 
agreement with those obtained via SAXS. The use of RSoXS allows access to 
sufficiently low values of q to resolve the primary scattering peak for PEOP (10-38-
10), which is not possible using the SAXS configuration. 
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peak located at q = 0.0726 nm
-1
, corresponding to d = 86.5 nm. This value of d is 
reasonable in comparison to the values of d obtained for the smaller-Mn polymers. The 
RSoXS profile of PEOP (10-38-10) lacks distinctive signatures of long range order, 
presumably due to the slow diffusion of long chains. Nevertheless, the use of RSoXS 
allows successful characterization of block copolymers with large domain spacing. 
The ionic conductivity  of the PEOP electrolytes doped with LiTFSI as a 
function of 1000 / T is summarized in Figure 5.8. For comparison  has also been 
determined for the PEOP (4-16-4) polymer in the absence of LiTFSI (i.e., r = 0). Only 
the data corresponding to the cooling scan and subsequent (second) heating scan are 
presented. In the temperature range explored, the data obtained for neat PEOP (4-16-
4) shows evidence of two different regimes, with a transition at about 50 C 
corresponding to Tm,PEO.
61
 In contrast, the LiTFSI-doped PEOP electrolytes do not 
exhibit such a transition even at the depressed values of Tm,PEO observed in DSC 
results for the salt-doped polymers in Figure 5.4a. The presence of LiTFSI strongly 
decreases the crystallinity of the PEO domain, and its solubility in PEO provides a 
route to the elevated values of . Furthermore, there is no impact on  when passing 
through Tm,PP. It is important to note that neat PEOP (4-16-4) was found to have  in 
the range of 3 × 10
−6
 to 1 × 10
−5
 S/cm at T > 50 °C. Remaining impurities from the 
synthetic procedure are likely the source of this observation. Purification processes are 
under way to remove any trace impurities from the PEOP samples. The effect of this 
“background” ionic motion represents less than 5% of the total ionic conductivity 
when LiTFSI is added to the PEOP (4-16-4) polymer and falls well within the 
experimental error bars reported in Figure 5.8. 
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Figure 5.8 Ionic conductivity of LiTFSI-doped PEOP block copolymers as a function 
of temperature. 
 
 
Over the entire T range, it was found that  is higher for the PEOP (4-16-4) 
compared with PEOP (4-8-4). This observation can be rationalized in context of 
previous work on PEO-containing block copolymer electrolytes, where an increase in 
 has been shown with increasing Mn,PEO.
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 Furthermore, for higher values of c,  is 
found to increase, as evidenced by comparing the results for PEOP (4-16-4) and PEOP 
(5-16-5). At 90 C,  for the PEOP electrolytes containing Mn,PEO in the range of 8 – 
16 kg/mol are on the order of 4 × 10
−4
 S / cm.  This value of  is comparable to that 
for high Mn diblock copolymer electrolytes with a polystyrene mechanical block.
30
 
 The presence of a peak  as a function of Mn distinguishes PEOP electrolytes 
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from previously studied polymer electrolytes. In the case of homopolymer electrolytes 
such as LiTFSI-doped PEO,  was found to decrease monotonically with increasing 
Mn due to the decrease in full chain diffusion beyond the entanglement molecular 
weight for PEO (Me ~ 1.7 kg/mol).
62
 Conversely, diblock copolymer electrolytes 
studied by Balsara and workers (and others) have generally found  to increase 
monotonically with Mn, particularly in the high-Mn limit.
30
 A caveat to that is the 
recent demonstration that in the low-Mn limit, SEO electrolytes have  inversely 
proportional to Mn.
58
 In contrast to the previous literature, PEOP electrolytes studied 
in this work have a peak in  as a function of Mn, as seen in Figure 5.9. This result can 
be attributed to several possible factors. The lack of long-range order, as indicated by 
relative breadth of scattering peaks and absence of higher-order peaks, suggests that 
the coherent grains of the block copolymer are likely quite small. This is due, in part,  
 
Figure 5.9 Dependence of σ on Mn for PEOP electrolytes at three temperatures (T = 
80, 90, and 120 °C). 
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to the nature of triblock copolymers, where a significant energetic penalty is required 
to achieve significant rearrangement of individual molecules. The polymers studied 
here evidently are far from a disordering transition, even in the case of the lowest Mn 
sample. The interaction parameter  between sPP and PEO must be large in order to 
maintain strongly-segregated domains at elevated temperatures. Thus there is a strong 
resistance for PEOP chains to diffuse across phase boundaries, which would be 
required to obtain highly ordered samples. It has been shown that the presence of grain 
boundaries can promote high  in SEO block copolymers.63 However high-T 
annealing of these electrolytes results in the minimization of grain boundaries and a 
concomitant decrease in ion transport. By effectively eliminating the ability of the 
polymers to reassemble into well-ordered domains via the annealing process, the 
triblock architecture appear to exhibit sustained high performance, independent of 
thermal processing history.  
5.4 Conclusions 
In summary, we have synthesized and characterized the properties and self-
assembly of syndiotactic polypropylene-block-poly(ethylene oxide)-block-syndiotactic 
polypropylene triblock copolymers, and established their unusual behavior as solid 
polymer electrolytes. Using DSC and scattering experiments, we determined the 
thermal and structural properties of the polymers, and the effect of doping with lithium 
bis(trifluoromethanesulfonyl)imide salt. We studied the ionic conductivity of the salt-
doped polymers and found that the triblock architecture played a crucial role in the 
anomalous behavior and identified it as an important methodology to design future 
materials with superlative performance.  
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5.5 Experimental 
5.5.1 General  
All manipulations of air- and/or water sensitive compounds were carried out 
under dry nitrogen using a Braun UniLab drybox or standard Schlenk techniques. 
1
H 
and 
13
C NMR spectra were collected in deuterated solvents on a Varian INOVA 400 
or Varian 500 (
13
C, 125 MHz). The spectra were referenced internally to residual 
protio solvents (
1
H) or to deuterio-solvent signals (
13
C) and are reported relative to 
tetramethylsilane (δ = 0 ppm). Syndiotactic polypropylene (sPP) samples were 
dissolved in CDCl3 and NMR spectra were collected at 60 C. Molecular weights of 
the end-functionalized sPP and PEO samples were determined using end group 
analysis of quantitative 
1
H NMR spectra and are given in Table 5.1 as Mn,sPP and 
Mn,PEO. The length of each block in number of repeat units, relative to a reference unit 
volume v0 = 0.1 nm
3
, is given as NsPP
*
 and NPEO
*
 (where Ni
*
 is defined by Mn,i · vi / Mi 
· v0). The propylene repeat unit is defined with respect to a dimer of the propylene 
monomer (i.e., C6H12) by convention. MP and MEO are the repeat unit molar masses of 
propylene (84.16 g / mol) and ethylene oxide (44.05 g / mol), respectively. vP and vEO 
are the repeat unit volumes of propylene (0.176 nm
3
) and ethylene oxide (0.069 nm
3
), 
respectively, at a reference temperature of 140 °C. 
5.5.2 Methods 
Toluene was purified over columns of alumina and copper (Q5). 
Tetrahydrofuran for block copolymer synthesis was purified over alumina column and 
degassed by three freeze-pump-thaw cycles before use. Propylene (Airgas, research 
purity) was purified over columns of BASF catalyst R3-12, BASF catalyst R3-11, and 
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4 Å molecular sieves. Polymethylaluminoxane (PMAO-IP, 13 wt% Al in toluene, 
Akzo Nobel) was dried in vacuo to remove residual trimethyl aluminum and used as a 
white solid powder. Sodium azide, PEO polymers (Mn: 3, 8, 16 and 38 kg/mol; Mw/Mn 
= 1.1), para-toluenesulfonyl chloride, sodium hydride (60% dispersion in mineral oil), 
tripropargyl amine (98%), tetrakis(acetonitrile)copper(I) hexafluorophosphate (97%), 
2,6-lutidine (>99%), borane-tetrahydrofuran complex (1.0 M solution in THF, 
stabilized with 0.005 M N-isopropyl-N-methyl-tert-butylamine), propargyl bromide 
solution (80 wt.% in toluene), and copper bromide were purchased from Sigma-
Aldrich and used as received. Acetonitrile (HPLC grade) was obtained from 
Mallinckrodt Baker and used as received. Benzyl azide (94%) was purchased from 
Alfa-Aesar and used as received. CDCl3 was purchased from Cambridge Isotope 
Laboratories (CIL) and used as received. Dry tetrahydrofuran (THF) for electrolyte 
preparation was obtained from Sigma Aldrich and used as received in an argon-filled 
glove box. Dry LiTFSI was obtained from Novolyte under argon, brought into the 
glove box, and dried under vacuum in the glove box antechamber at 120 °C for three 
days prior to use. 
Allyl-terminated sPP (Mw/Mn = 1.9) was prepared according to a previously 
reported procedure.
46,64
 The extent of syndiotacticity of sPP samples was determined 
from 
13
C NMR spectroscopy using the fraction of fully syndiotactic pentads [rrrr] and 
was found to be 0.80. Tris-(benzyltriazolylmethyl)amine (TBTA) ligand for alkyne-
azide “click” chemistry was synthesized according to the literature procedure.49  
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5.5.3 Synthesis 
5.5.3.1 General procedure for the synthesis of dipropargyl-terminated PEO  
 
 
Scheme 5.1 General scheme for the synthesis of dipropargyl-terminated poly(ethylene 
oxide). 
 
An oven-dried three neck round bottom flask was cooled under vacuum and 
charged with PEO (7.9 g, 5.3 mmol OH functional groups). The polymer was heated 
at 40 °C under vacuum for 12 h to ensure that it is completely dry. Sodium hydride 
(0.640 g, 15.8 mmol) was added to the cooled flask under nitrogen. THF (150 mL) 
was then cannula transferred to the flask under nitrogen and the reaction mixture was 
refluxed for 16 h. The flask was cooled to room temperature and propargyl bromide 
(1.76 mL, 11.8 mmol) was injected into the reaction mixture via gastight syringe. The 
mixture was stirred at 22 °C for 5 h and then quenched with minimum amount of 
ethanol. After the effervescence ceased, the mixture was slowly poured into hexanes. 
The precipitated polymer was collected, dissolved in dichloromethane and filtered 
through a glass frit layered with Celite. Dichloromethane was removed; the polymer 
was again precipitated in hexanes and dried in vacuo to constant weight (6.9 g, 87% 
yield). 
1
H NMR (500 MHz, CDCl3) δ 4.16 (d, J = 2.4 Hz, 4H), 3.60 (s, 340H), 2.41 (t, 
J = 2.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 79.68, 74.64, 70.51, 69.11, 58.42. 
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5.5.3.2 General procedure for the synthesis of hydroxyl-terminated sPP
46
  
 
 
Scheme 5.2 General scheme for the synthesis of hydroxyl-terminated syndiotactic 
polypropylene. 
 
An oven dried 250 mL Schlenk adapted round bottom flask was cooled under 
vacuum and charged with allyl-terminated sPP (2.7 g, 0.51 mmol). THF (100 mL) was 
cannula transferred into the flask under nitrogen and the mixture was heated at 45 °C. 
BH3-THF solution (5.1 mL, 5.1 mmol) was added to the reaction flask via a gastight 
syringe and the solution was heated at 60 °C for 5 h. The solution was cooled to 45 °C 
and sodium hydroxide solution (1.0 M in H2O, 41 mmol) was added followed 
immediately by a hydrogen peroxide solution (1.2 M in THF, 41 mmol). The solution 
was stirred at 45 °C for 2 h and poured slowly into methanol (200 mL). The polymer 
was collected, dissolved in hot toluene and filtered through a glass frit layered with 
silica. Toluene was removed and the polymer was precipitated in methanol. Polymer 
was isolated and dried in vacuo to constant weight (2.5 g, 94% yield). 
1
H NMR (500 
MHz, CDCl3, 60 °C) δ 3.63 (q, J = 6.4 Hz, 2H), 1.82 – 0.58 (m, 960H). 
13
C NMR (126 
MHz, cdcl3) δ 46.83, 27.83, 20.04. 
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5.5.3.3 General procedure for the synthesis of tosyl-terminated sPP  
 
 
Scheme 5.3 General scheme for the synthesis of tosyl-terminated syndiotactic 
polypropylene. 
 
A 250 mL round bottom was charged with hydroxyl-terminated sPP (2.7 g, 
0.61 mmol), para-toluenesulfonyl chloride (3.43 g, 18.0 mmol), and chloroform (60 
mL). Pyridine (1.45 ml, 18.0 mmol) was added to the mixture via a syringe and the 
solution was heated at 60 °C. After 24 h, the reaction mixture was cooled to room 
temperature and poured in methanol (200 mL). The polymer was collected, dissolved 
in hot toluene, and then filtered through a glass frit layered with silica. Toluene was 
removed and the polymer was precipitated in methanol. The polymer was collected 
and dried in vacuo to constant weight (2.6 g, 97% yield). 
1
H NMR (500 MHz, CDCl3, 
60 °C) δ 7.82 – 7.77 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 4.01 (t, J = 6.6 Hz, 2H), 3.52 (t, 
J = 6.9 Hz, 2H), 2.45 (s, 3H), 1.85 – 0.59 (m, 1080H). 13C NMR (126 MHz, CDCl3, 
60 °C) δ 46.83, 27.83, 20.04. 
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5.5.3.4 General procedure for the synthesis of azido-terminated sPP  
 
 
Scheme 5.4 General scheme for the synthesis of azido-terminated syndiotactic 
polypropylene. 
 
An oven-dried 100 mL Schlenk adapted round bottom was charged with tosyl-
terminated sPP (1.3 g, 0.21 mmol) and sodium azide (0.28 g, 4.3 mmol). Toluene 
(21.0 mL) and dimethyl formamide (10.5 mL) were cannulated into the flask under N2 
and the reaction mixture was heated at 100 °C for 24 h. After cooling to room 
temperature, the solution was poured into methanol (100 mL) to precipitate the 
polymer. The polymer was isolated, dissolved in hot toluene, and filtered through a 
plug of silica. Toluene was removed and the polymer was precipitated in methanol. 
Polymer was collected and dried in vacuo to constant weight (1.1 g, 86% yield). 
1
H 
NMR (500 MHz, CDCl3, 60 °C) δ 3.25 (t, J = 7.0 Hz, 2H), 1.82 – 0.61 (m, 825H). 
13
C 
NMR (126 MHz, CDCl3, 60 °C) δ 46.83, 27.83, 20.04. 
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5.5.3.5 General procedure for the synthesis of sPP-b-PEO-b-sPP triblock 
copolymer 
 
 
Scheme 5.5 General scheme for the synthesis of PEOP triblock copolymer. 
 
In the glovebox, a 100 mL Schlenk tube was charged with azido-terminated 
sPP (0.60 g, 0.070 mmol N3 functional groups), dipropargyl-terminated PEO (0.36 g, 
0.085 mmol functional propargyl groups), CuBr (3 mg, 0.02 mmol), and TBTA ligand 
(11 mg, 0.020 mmol). THF (7.1 mL) was added and the Schlenk tube was heated at 50 
°C for 24 h. After the reaction had completed, the mixture was cooled to room 
temperature, and the polymer was precipitated in methanol. The resultant light green 
polymer was thoroughly washed with methanol to remove the copper catalyst and 
excess PEO. Insoluble polymer was isolated by vacuum filtration, washed with 
methanol, and dried in vacuo to constant weight (0.85 g, 94% yield). 
1
H NMR (400 
MHz, CDCl3, 60 °C) δ 7.55 (s, 2H), 4.69 (s, 4H), 4.31 (t, J = 7.4 Hz, 1H), 3.64 (s, 
1010H), 1.70 – 0.58 (m, 2664H). 13C NMR (126 MHz, CDCl3, 60 °C) δ 70.85, 46.74, 
27.74, 19.97. 
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5.5.4 NMR Spectra 
 
 
Figure 5.10 
1
H NMR spectra (CDCl3, 60 °C) of sPP-CH2CH=CH2 (red), sPP-(CH2)3-
OH (green), sPP-(CH2)3-OTs (teal), and sPP-(CH2)3-N3 (blue). 
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5.5.5 Electrolyte preparation 
PEOP polymers were brought into an argon-filled glove box for electrolyte 
preparation after drying in the glove box antechamber at 100 °C for one day. In the 
glove box, a mixture of PEOP polymer and dry LiTFSI was co-dissolved in THF. For 
all samples the amount of LiTFSI added was predetermined to obtain a molar ratio r of 
lithium ions (Li
+
) to ethylene oxide (EO) moieties equal to 0.063 ± 0.06. This 
concentration of salt was previously shown to give the highest ionic conductivity for 
SEO-based electrolytes.
28
 The solution was stirred for several hours at 90 C until 
complete dissolution could be observed visually, and then the THF was allowed to 
evaporate to obtain a solid polymer-salt mixture. Subsequently, the electrolyte was 
dried further in the glove box antechamber under vacuum at 90 C for at least 8 hours 
prior to characterization. 
For each electrolyte the volume fraction of the conducting phase, c, is 
determined taking into account the contributions of both PEO and LiTFSI as defined 
by: 
                                       
P
PEOn,P
EOsPPn,
LiTFSIEO
LiTFSIEO
c 2
V
MM
MM
VrV
VrV
r




     (2) 
where VEO, VLiTFSI, and VP are the molar volumes of EO monomer units (41.56 cm
3
 / 
mol),
42
 LiTFSI (141.9 cm
3
 / mol),
58
 and propylene repeat units (105.99 cm
3
 / mol),
42
 
respectively, at a reference temperature of 140 °C. Eq. 1 is derived according to the 
assumption of no volume change of mixing.  
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5.5.6 Characterization Procedures 
5.5.6.1 Differential Scanning Calorimetry (DSC)  
The thermal properties of polymers were studied via DSC experiments. Pure 
PEOP polymers and the related electrolytes were sealed in aluminum hermetic pans in 
an argon-filled glove box. DSC experiments were performed on a TA Instruments 
DSC Q200 instrument. All samples were studied with an identical scan program: 
samples were heated from room temperature to 120 °C at 10 °C / min, after which two 
cooling/heating scan were run at 10 °C / min, between −40 °C and 120 °C. For each 
sample Tm,i of the PEO and sPP phases were determined at the maximum of each 
endothermic peak on the last cycle.
65
 The integration of the area of each endothermic 
peak gives the enthalpy of melting, ΔHm,i, for each phase i (i = PEO or sPP). The 
crystallinity, Xc,i, for the phase i is given by: 
                                                                       (3)  
where wi is the weight fraction of phase i and  is the enthalpy of melting of pure 
i. and  values are 195.8 J / g  and 206.7 J / g, respectively.
66,67
 
5.5.6.2 Small angle X-ray scattering (SAXS)  
SAXS experiments were performed at beamline 7.3.3 at the Advanced Light 
Source (ALS) at Lawrence Berkeley National Laboratory and at beamline 1-4 at the 
Stanford Synchrotron Radiation Lightsource to determine the morphology and domain 
spacing of each block copolymer as well as the related electrolyte. SAXS samples 
were assembled in an argon-filled glove box by hot-pressing solid polymer into 
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approximately 150 μm thick spacers (Garolite G-10) at 90 C. The samples were 
sealed in air-tight aluminum sample holders with Kapton windows, and annealed at 
120 C for several days prior to experiments. Samples were mounted in a custom-built 
sample stage with T control. At each T examined, samples were annealed for a 
minimum of 20 min prior to data collection. SAXS data analysis was performed using 
the Nika program written for Igor Pro.
68
 Silver behenate was used as a standard to 
calibrate beam center and sample-to-detector distance. The measured two-dimensional 
scattering data were azimuthally averaged to obtain intensity, I, as a function of the 
scattering vector magnitude, q. The relationship between q and the wavelength of the 
X-rays, λ, and the scattering angle, θ is given by: 
                                                                                                   (4) 
The X-ray energy for SAXS experiments was approximately 10 keV in all cases, 
corresponding to λ = 0.124 nm−1. SAXS data from all the samples were obtained at 
room temperature and between 60 C and 120 C in increments of 20 C. The location 
of the primary scattering peak at a scattering vector magnitude q* enables 
determination of the domain spacing, d: 
                                                                                                                       (5) 
The ratio between q* and higher order scattering peaks were used to determine the 
nanostructured morphology, e.g. integer multiples as indication of lamellar 
morphology (q / q* = 2, 3, 4, etc.). 
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5.5.6.3 Resonant soft X-ray scattering (RSoXS) 
RSoXS experiments were performed at beamline 11.0.1.2 at ALS to determine 
the domain size and morphology of high molecular weight samples for which values 
q* could not be resolved by SAXS experiments (qmin,SAXS ≈ 0.1 nm
−1
). RSoXS 
experiments could be performed over a range of incident X-ray energy values, which 
allows  to be tuned and thus varies qmin according to equation 3 (qmin,RSoXS ≈ 0.03 
nm
−1
). Samples for RSoXS experiments were made by drop-casting in an argon-filled 
glove box to obtain thin samples which minimize X-ray absorption. Pure PEOP and 
LiTFSI-doped PEOP samples were made by dissolving the appropriate material in 
THF at a concentration of ~ 1 mg / mL solids at room temperature. Solutions were 
stirred overnight to ensure complete dissolution. The solutions were dropped onto 
silicon nitride substrates (Norcada) and dried overnight to obtain thin films on the 
order 1 – 5 m thick. The substrates consisted of 200 m thick silicon frame with 
dimensions 5 × 5 mm with a 100 nm thick silicon nitride top layer exposed in a 1.5 × 
1.5 mm window. Samples were stored under argon until immediately before 
placement in the ultrahigh vacuum chamber used for RSoXS. Incident X-ray energies 
were tuned near the carbon K-edge to 280 eV. Samples were attached to a stage with 
carbon tape that was capable of heating samples to ~ 130 C. Data were reduced and 
analyzed using a modified version of the Nika program for Igor Pro, and normalized 
by subtracting out a dark image to obtain I(q).
69
 
5.5.6.4 Symmetrical cell assembly and characterization 
Inside an argon-filled glove box, the polymer electrolyte was hand-pressed at 
90 C into a 30 μm thick Kapton spacer with a 0.3 cm diameter hole that defines the 
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active area S of the cell. Two stainless steel blocking electrodes were then placed on 
each side of the electrolyte-spacer assembly and pressed at 90 C. At each step of the 
assembly the overall thickness was measured to monitor the electrolyte thickness, l. 
An aluminum tab was taped on each stainless steel electrode and the assembly was 
vacuum sealed in pouch material (Showa Denko). 
The cells were mounted into a custom heating stage and connected to a Bio-
Logic VMP3. Impedance spectroscopy was performed using an excitation signal 
between 10 and 40 mV in a frequency range between 10
6
 and 1 Hz. The T program 
consisted of an initial heating scan from room temperature to 120 °C in 10 °C steps, 
followed by cooling to room temperature, and then a second heating scan was carried 
out from 30 °C to 120 °C in 10 °C steps. Data was analyzed from the cooling scan and 
subsequent heating scan. For each T, the resistance of the electrolyte, Rel, was 
monitored as a function of time and the impedance spectra was measured only when 
Rel became stable. The equilibrated value of Rel was extracted from the impedance 
spectra by fitting the profile with an equivalent electrical circuit consisting of a resistor 
and a constant phase element.
70
 After the experiments, the cells were returned to the 
argon-filled glove box and disassembled to determine the final value of l. This l value 
was used to calculate σ according to equation 6: 
                                                                                           (6) 
at each T considered. 
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5.5.6.5 Wide-angle X-ray Scattering (WAXS) 
WAXS experiments were performed at beamline 1-4 at the Stanford 
Synchrotron Radiation Lightsource (SSRL) at SLAC National Laboratory to 
determine the effect of salt on the crystallinity of PEO and sPP blocks. WAXS 
samples were assembled in an argon-filled glove box by hot-pressing solid polymer 
into approximately 150 μm thick spacers (Garolite G-10) at 90 C. The samples were 
sealed in air-tight aluminum sample holders with Kapton windows, and annealed at 
120 C for several days prior to experiments. Samples were mounted in a custom-built 
sample stage with T control. At each T examined, samples were annealed for a 
minimum of 20 min prior to data collection. WAXS data analysis was performed 
using the Nika program written for Igor Pro.
68
 Silver behenate was used as a standard 
to calibrate beam center and sample-to-detector distance. The measured two-
dimensional scattering data were azimuthally averaged to obtain I as a function of q. 
WAXS data from all the samples were obtained at 30 C and 90 C. Several prominent 
WAXS features were identified by comparison with literature reports on the 
characterization of polyethylene-PEO diblock copolymers (i.e., the PEO(120) peak at 
q = 13.2 nm
-1
),
71
 and sPP-poly(ethylene-co-propylene)-sPP triblock copolymers (i.e., 
the sPP(200) peak at q = 8.7 nm
-1
 and the sPP(020) peak at q = 11.0 nm
-1
).
72,73 
 
  231 
 
Figure 5.11 Wide angle X-ray scattering profiles of neat PEOP block copolymers at 
30 C. Important features include the PEO(120) peak at q = 13.2 nm−1, the sPP(200) 
peak at q = 8.7 nm
−1
, and the sPP(020) peak at q = 11.0 nm
−1
. 
 
 
Figure 5.12 Wide angle X-ray scattering profiles of LiTFSI-doped PEOP block 
copolymers (r = 0.063) at 30 C. The profiles are characterized by the absence of 
PEO(120) peak at q = 13.2 nm
−1
.  
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Figure 5.13 Wide angle X-ray scattering profiles of LiTFSI-doped PEOP block 
copolymers (r = 0.085) at 90 C. Similar to the profiles of Figure 5.12, these profiles 
are characterized by the absence of PEO(120) peak at q = 13.2 nm
−1
. Furthremore, 
there is a reduction in the sharpness of the peak attributed to the sPP(200) feature at q 
= 8.7 nm
−1
, and the sPP(020) feature at q = 11.0 nm
−1
, as Tm,sPP is approached.   
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A.1 Cross-Linked Comb Copolymers 
In Chapter 2, we reported plasticized polyethylene/poly(ethylene oxide) 
(PE/PEO) polymer electrolytes with high ionic conductivity values at ambient 
temperatures. In particular, the electrolyte composition containing 40 wt% poly(ethylene 
glycol) (PEG; Mn = 275 Da) plasticizer exhibited ionic conductivity of 2.0 × 10
−4
 S/cm at 
25 °C. We were interested in the effect of a covalently bound plasticizer in the network 
polymer on the ionic conductivities of these polymer electrolytes. Herein, we report comb 
cross-linked polymer electrolytes wherein the short PEG grafts were employed as 
immobile internal plasticizers.  
Ring opening metathesis polymerization (ROMP) is a powerful synthetic tool to 
obtain macromolecular architectures with tunable molecular weight, size, shape, and 
function.
1,2
 We used ROMP to copolymerize a PEO functionalized cross-linker (PEOX) 
with PEG-grafted-cyclooctene (PEG-g-COE) in the presence of LiTFSI salt to obtain 
cross-linked comb polymer electrolytes (Figure A.1). Short PEG grafts (average repeat 
units of ethylene oxide, b = 6) were immobilized on the polymer backbone and we 
expected that the molecular motion of these ethylene oxide (EO) units would be faster 
compared to the PEO chains constrained between the cross-links. Furthermore, we 
anticipated that the faster molecular motion of these PEG grafts  
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Figure A.1 Synthesis and nomenclature of PEO cross-linked comb polymers. 
 
might facilitate the Li-ion conduction in the polymer matrix and increase the ionic 
conductivity. In the present work, thin polymer films were obtained by 
copolymerizing PEOX with PEG-g-COE using Grubbs second-generation catalyst in a 
Teflon-lined dish at 50 °C with a gradual evaporation of solvent from the dish.
3
 
To test the effect of immobilization of the internal plasticizer on the polymer 
backbone, five different polymer electrolyte compositions were prepared at different 
[PEOX]:[PEG-g-COE] ratios. The nomenclature used for these comb polymers is 
described in the Figure A.1; each component is given a name, the average number of 
repeat units for each of the components are shown in the superscript, and the mole 
fraction of EO contained in each of these components is mentioned in the sub-scripts. 
The compositions and the thermal properties of these cross-linked comb polymers are 
listed in Table A.1. The data for the polymer electrolyte without any internal 
plasticizer (i.e. homopolymer of PEOX cross-linker) is not listed in the table because 
these polymer membranes were extremely brittle, which made the ionic conductivity 
measurements challenging. One would predict that an increase in the mole fraction of   
Poly(ethylene oxide) Crosslinker (PEOX); 1
Poly(ethylene glycol)-grafted-Cyclooctene
(PEG-g-COE); 2
Ru
PCy3
PhCl
Cl
N N
Ring Opening Metathesis Polymerization
SO2CF3
LiN
SO2CF3
LiTFSI
O
O
O
y x
x y
a
(aPEOXl)(
bEOGm)
OOO
a
= average number of ethylene oxide (EO) units in PEOX crosslinker
= average number of EO units in the grafts
 = moles EO units in PEOX / total moles of EO units
 = moles EO units in PEG-g-COE / total moles of EO units
a
b
l
m
LiTFSI
Ph
OO
b
Ph
O
O b
Ph
O
O
b
PEOX
EOG
– Poly (ethylene oxide) crosslinker
– Ethylene oxide in the grafts
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Table A.1 Compositions and thermal properties of PEO cross-linked comb polymers
a
  
entry Sample Name 
mmoles 
of EO 
[PEOX]:[PEG-g-COE]
b
 
Tg
c
 
(°C) 
DC Ionic 
Conductivity 
at 25 °C
d
 
(S/cm) 
1 (
36
PEOX0.92)(
6
EOG0.08) 5.4 2:1 −44 2.1 × 10
−5
 
2 (
36
PEOX0.86)(
6
EOG0.14) 5.2 1:1 −45 2.9 × 10
−5
 
3 (
36
PEOX0.75)(
6
EOG0.25) 5.0 1:2 −45 2.3 × 10
−5
 
4 (
36
PEOX0.67)(
6
EOG0.33) 4.8 1:3 −45 1.3 × 10
−5
 
5 (
36
PEOX0.61)(
6
EOG0.39) 4.7 1:4 −43 9.7 × 10
−6
 
a
All films had [EO]:[Li] composition of 15:1; where EO means ethylene oxide units contained both in 
the PEOX cross-linker and PEG-g-COE. 
b
[PEOX]:[PEG-g-COE] is defined as the molar ratio of 
PEOX cross-linker to PEG-g-COE in the cross-linked comb polymer. 
c
Glass transition temperature 
(Tg) was determined by differential scanning calorimetry of the second heat cycle. 
d
Determined by 
dielectric spectroscopy measurements. See General Method Section for more details. 
 
PEG-g-COE would cause a decrease in the cross-linking density of these network 
comb polymers, and might lead to lower glass transition temperatures (Tgs) due to 
plasticizing effect of the PEG grafts. However, no significant changes in the Tgs of 
PEO segments in the network were observed, when the mole fraction of EO in the 
PEG-g-COE was changed from 0.08 to 0.39 (Table 1, entries 1–5). In contrast, 
Watanabe and coworkers reported a slight decrease in Tg from −56 °C to −60 °C when 
the internal plasticization was increased from 0 to 65% in the network polyether 
polymers.
4
 Presumably, the graft length (i.e. 6 repeat units) in the comb polymers 
reported herein is still too large and hence these internal plasticizers have little effect 
on the segmental motion of the PEO chains in the network polymer, leading to no 
observed changes in the glass transition temperatures of these polymers.  
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Figure A.2 Variable temperature conductivity of PEO cross-linked comb polymers.
The variable temperature conductivities of the cross-linked comb polymers 
containing different mole fractions of EO in the PEOX cross-linker are shown in 
Figure A.2. A LiTFSI-doped PEO (Mn 900 kDa) sample is also shown for comparison 
purposes. Of the tested comb polymer electrolyte compositions, the samples with 
higher cross-linking density and a lower mole fraction of the covalently bound 
plasticizing agent (i.e. entries 1 and 2) show relatively higher ionic conductivity (~ 2.5 
× 10
−5
 S/cm at 25 °C) compared to the compositions containing higher mole fraction 
of EO grafts (~ 1.0 × 10
−5
 S/cm at 25 °C). It is currently unclear why the comb 
electrolyte compositions with higher mole fraction of internal plasticizer exhibits 
lower conductivity. Nonetheless, all the comb polymers exhibit higher ionic 
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conductivity values compared to the standard PEO sample at lower temperatures 
(below 40 °C). However, above the melting temperature of PEO (i.e. at temperatures 
>60 °C), PEO standard exhibits relatively higher ionic conductivity. Presumably, this 
is due to the fact that significant volume fraction of the network polymer electrolyte 
also contain unsaturated PE components, resulting in lower ethylene oxide content 
relative to the PEO homopolymer.  
A.2 Cross-Linked Polymers with Cyclic Carbonate Side Chains 
Ethylene carbonate and dimethyl carbonate are excellent solvents for 
dissolving the lithium salts, and they are currently used as lithium battery electrolyte 
components in commercially available lithium-ion batteries.
5
 We wanted to 
incorporate similar cyclic carbonate moieties in our polymer electrolyte structure and 
examine their effect on the ionic conductivity of these electrolytes. We sought to 
develop PE/PEO cross-linked electrolytes with varying mole fraction of cyclic 
carbonate (CC) moieties using orthogonal-tandem catalysis (Figure A.3).
6
 A 
cyclooctene monomer with cyclic carbonate containing side chain (COE-CC) was 
synthesized and used as a comonomer for ROMP chemistry. This synthetic route 
provides several advantages: a) facile incorporation of highly polar and lithium 
solubilizing components such cyclic carbonate in the polymer structure, b) fine-tuning 
of the mole fractions of PEO, PE, and cyclic carbonates in the polymer electrolytes, 
and c) tunability of the thermal properties of these network polymer electrolytes. 
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Figure A.3 Synthesis and nomenclature of the cross-linked polymers bearing cyclic 
carbonate side chains.  
 
The nomenclature for these cyclic carbonate bearing polymer electrolytes is shown in 
Figure A.3. It was expected that the cyclic carbonate moieties in the polymer network 
would affect the ionic conductivity by virtue of the high dielectric constants of these 
materials. To examine the effects of the cyclic carbonate side chains on the ionic 
conductivity, three different polymer electrolytes were developed containing varying 
mole fraction of the cyclic carbonate monomer. The compositions and thermal 
properties of these polymer electrolytes are listed in Table A.2. Among all the tested 
compositions, the Tgs of the PEO components in the polymer electrolytes are 
comparable. An increase in the cyclic carbonate mole fraction (Table 1, entries 1–3) 
does not lead to an increase in the ionic conductivity. Ion transport is a complex 
phenomena and it is possible that the ionic conductivity is determined not only by the 
solvation of Li
+
 ion by cyclic carbonate, but also by the concentration of the free Li
+
 
ions in the polymer matrix.  
Poly(ethylene oxide) Crosslinker (PEOX); 1
Cyclooctene
(COE)
COE having Cyclic 
Carbonate Side Chain; 
(COE-CC)
Ru
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N N
PF6
-
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N
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Grubbs G2 Cat.
(polymerization)
Crabtree Cat.
(hydrogenation)
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SO2CF3
LiN
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O
O
O
LnRu
z x
x z
LnRu
a
H2 (hydrogenation)
PEOX:COE-CC:COE (x:y:z)
OOO
a
SO2CF3
N
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O
O
O
O
y
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O
O
O
O
O
O
O
O
O
O
O
z x
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a
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O
O
O
O
O
O
O
O
= moles of PEOX / total moles of PEOX, COE-CC, and COE units
= moles of COE-CC / total moles of PEOX, COE-CC, and COE units
= moles of COE / total moles of PEOX, COE-CC, and COE units
x
y
z
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Table A.2 Compositions and thermal properties of PEO cross-linked polymers with 
cyclic carbonate side chains
a
  
entry x:y:z
b
 mmoles of EO 
Tg
c
 
(°C) 
DC Ionic Conductivity at 25 °C
d
 
(S/cm) 
1 0.09:0:0.91 3.3 −43 6.5 × 10−6 
2 0.06:0.26:0.68 2.5 −40 4.2 × 10−6 
3 0.06:0.34:0.60 2.2 −41 5.0 × 10−6 
a
All films had PEOX cross-linker with 36 EO units in the cross-links. [EO]:[Li] composition of 15:1; 
where EO means ethylene oxide units contained in the PEOX cross-linker. 
b
x is the mole fraction of 
[PEOX] cross-linker, y is the mole fraction of the COE-CC, and z is the mole fraction of COE in the 
cross-linked polymer electrolyte. 
c
Glass transition temperature (Tg) was determined by differential 
scanning calorimetry of the second heat cycle. 
d
Determined by dielectric spectroscopy measurements. 
See General Method Section for more details. 
 
 
Surprisingly, the ionic conductivity of CC bearing polymer electrolytes is 
similar to that of the LiTFSI-doped PEO standard sample at room temperature. 
However, notable differences were observed at higher temperatures (>60 °C). The 
PEO standard exhibited almost an order of magnitude higher conductivity than the CC 
bearing cross-linked polymer electrolytes (Figure A.4). The strong dipole-dipole 
interactions between the polar CC units of the polymer chains lead to a significant 
decrease in the segmental motion of PEO chain in the cross-linked polymer 
electrolyte. Furthermore, it is possible that any gain in the ion-pair dissociation of 
LiTFSI salt caused by the higher dielectric constant of these CC units is offset by the 
decrease in the segmental motion of the PEO chains.  
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Figure A.4 Variable temperature conductivity of cross-linked polymers with cyclic 
carbonate side-chains.  
 
A.3 Experimental 
A.3.1 General Methods 
All reactions and manipulations of air and moisture sensitive compounds were 
carried out under dry nitrogen using a Braun UniLab drybox or standard Schlenk line 
techniques unless otherwise specified. 
1
H NMR spectra were collected in deuterated 
solvents on a Varian INOVA 400 or Varian INOVA 500 spectrometer and referenced 
with residual non-deuterated solvent shifts (CHCl3 = 7.24 ppm) and are reported 
relative to tetramethylsilane (δ = 0 ppm). 13C NMR spectra were recorded on a Varian 
INOVA (
13
C, 100 MHz) or Varian INOVA (
13
C, 125 MHz) spectrometer and 
referenced to chloroform (δ 77.23 ppm).  
Gel permeation chromatography (GPC) analyses were carried out using an 
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Agilent PL-GPC 50 integrated system, equipped with UV and refractive index 
detectors, and 2 PL gel Mini-MIX C columns (5 micron, 4.6 mm ID). The GPC 
columns were eluted with tetrahydrofuran at 30 °C at 0.3 mL/min and were calibrated 
with monodisperse polystyrene standards. Differential scanning calorimetry (DSC) 
analyses of polymer samples were performed on either a TA Instruments Q1000 
instrument equipped with liquid nitrogen cooling system or a Mettler Polymer DSC 
instrument equipped with a chiller. Polymer samples on TA Instruments Q1000 
instrument were made in aluminum pans and heated under nitrogen from −100 °C to 
180 °C at a rate of 10 °C per minute and then cooled to −100 °C at a rate of 10 °C per 
minute, followed heating to 180 °C at a rate of 10 °C per minute. The glass transition 
temperature (Tg) and the melting temperature (Tm) were recorded from the second 
heating run.  
The conductivity data of the polymer electrolytes were obtained over a range 
of frequency (0.1 to 3 × 10
6
 Hz) and temperature (−5 °C to 100 °C) using a 
Novocontrol Dielectric Broadband Spectrometer fitted with a Quatro temperature 
control system. Conductivity measurements were performed using blocking/solid 
polymer electrolyte/blocking cell orientation, using gold plated stainless steel 
electrodes.  
A.3.2 Materials 
Sodium hydride (95%), 1,5-cyclooctadiene, cis-cyclooctene (95%), meta-
chloroperoxybenzoic acid (77%), epichlorohydrin (99%), Grubbs 2nd Generation 
catalyst (Cl2(iMes)(PCy3)Ru=CHPh), and Crabtree’s catalyst [(COD)Ir(py)(PCy3)]PF6 
were purchased from Sigma-Aldrich and used as received. 
 249 
Bis(trifluoromethane)sulfonimide lithium salt, LiTFSI (99.95% trace metals basis) 
was purchased from Sigma-Aldrich and dried in vacou at 90 °C for 24 h and 
transferred directly into the glove box. Ethylene oxide was purchased from Sigma-
Aldrich and dried over n-BuLi before use. Dibromo-p-xylene (97%) was purchased 
from Alfa Aesar and used as received. Sodium hydroxide and sodium chloride were 
purchased from Mallinckrodt and used as received. HPLC grade tetrahydrofuran was 
purchased from Fisher Scientific and dried over an alumina column and degassed by 
three freeze pump thaw cycles before use. Chloroform was dried over P2O5 and 
distilled prior to use. Hydrogen (99.99%) and CO2 were purchased from Airgas. 
CDCl3 was purchased from Cambridge Isotope Laboratories (CIL) and used as 
received. High-resolution mass spectrometry (HRMS) analyses were performed at the 
Mass Spectrometry Laboratory at the University of Illinois at Urbana-Champaign. 
Following a literature procedure,
7
 5-hydroxy-1-cyclooctene was prepared, 
dried over activated 3 Å sieves, and degassed by three freeze pump thaw cycles before 
use. Potassium naphthalenide in THF was prepared from naphthalene and potassium at 
a concentration of 0.35 M (titrated with a standard benzoic acid solution until a 
persistent green color was observed as an end-point of the titration) and degassed by 
three freeze pump thaw cycles before use. 
  
 250 
A.3.3 Synthesis 
A.3.3.1 Synthesis of the PEO Functionalized Cross-linker (PEOX; 1) 
 
 
For the synthesis of PEO functionalized cross-linker (1), see Section 2.5.3.1 
 
A.3.3.2 Synthesis of poly(ethylene glycol)-grafted-cyclooctene (PEG-g-COE) 
 
 
 Scheme A.1 Synthesis of PEG-g-COE (2).  
 
Preparation of PEG-g-COE (2): In a N2 filled glovebox, a Fischer-Porter bottle was 
charged with 5-hydroxycyclooct-1-ene (2.43 g, 19.3 mmol) solution in THF (2.0 mL). 
A solution of potassium naphthalenide in THF (32.5 mL of 0.59 M, 19.2 mmol) was 
added to the alcohol solution dropwise resulting in a dark green solution. The vessel 
was sealed with the reactor head and the apparatus was removed from the box and 
stirred at 22 °C for 1 h. The solution was cooled to −78 °C and ethylene oxide (5.46 g, 
124 mmol) was then condensed into it. The solution was allowed to warm to room 
temperature over 16 h. After 16 h, the living alkoxide was capped with benzyl 
bromide (2.8 mL, 24 mmol), which resulted in immediate precipitation of white KBr 
salt. The reaction mixture was stirred at 50 °C for 5 h and then allowed to warm to 
OO
O
n
O
PEOX; 1
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room temperature. The salts formed were filtered over a Celite plug and the filtrate 
was partially concentrated on rotary evaporator. PEG-g-COE was then washed with 
hexanes (2 × 200 mL). The resulting viscous oil (7.7 g, 85%) was dried in vacuum at 
30 °C for several hours until its mass was constant. 
1
H NMR (500 MHz, CDCl3) δ 
7.26 (m, 4H), 5.77 – 5.48 (m, 2H), 4.55 (s, 2H), 3.83 – 3.44 (m, 24H), 3.40 – 3.29 (m, 
1H), 2.45 – 1.28 (m, 10H). 13C NMR (126 MHz, CDCl3) δ 138.34, 130.10, 129.53, 
128.41, 127.79, 127.63, 81.01, 73.29, 70.93, 70.61, 69.49, 67.71, 34.21, 33.48, 25.87, 
25.71, 22.72. Mn(NMR) = 470 g/mol; Mn(THF GPC) = 390 g/mol, PDI = 1.1. 
 
A.3.3.3 Synthesis of (Z)-4-((cyclooct-4-en-1-ylmethoxy)methyl)-1,3-dioxolan-2-one 
 
 
Scheme A.2 Synthesis of (Z)-4-((cyclooct-4-en-1-ylmethoxy)methyl)-1,3-dioxolan-2-
one (5). 
 
Preparation of (Z)-cyclooct-4-en-1-ylmethanol (3): For the synthesis of 3, see 
section B.2.3.1. 
 
Preparation of (Z)-2-((cyclooct-4-en-1-ylmethoxy)methyl)oxirane (4): A 
suspension of NaH (0.290 g, 11.5 mmol) in anhydrous THF (15 mL) was treated 
dropwise with 5-methylhydroxycyclooct-1-ene (1.0 g, 7.1 mmol) at room temperature. 
Upon complete addition of the alcohol, the resulting solution was heated to 70 °C 
under N2 for 5 h. Epichlorohydrin (1.2 mL, 15 mmol) was added to this mixture, and 
the resultant solution was heated at 50 °C for 16 h. The dark brown reaction mixture 
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was passed through a Celite plug and rinsed with diethyl ether. The product was 
extracted with diethyl ether (3 x 50 mL), washed with saturated brine, and dried over 
anhydrous sodium sulfate. After the solvent was removed under reduced pressure, the 
residue was purified by column chromatography on silica using 1:9 ethyl 
acetate/hexanes. The desired product was isolated as colorless oil (0.9 g, 64%). 
1
H 
NMR (400 MHz, CDCl3) δ 5.84 – 5.52 (m, 2H), 3.68 (ddt, J = 11.6, 3.1, 1.5 Hz, 1H), 
3.35 (ddd, J = 11.6, 5.8, 1.2 Hz, 1H), 3.31 – 3.17 (m, 2H), 3.12 (ddt, J = 5.5, 3.9, 2.7 
Hz, 1H), 2.78 (td, J = 4.7, 4.1, 1.3 Hz, 1H), 2.65 – 2.53 (m, 1H), 2.39 – 1.00 (m, 10H). 
13
C NMR (126 MHz, CDCl3) δ 130.11, 77.91, 51.03, 44.36, 37.92, 32.18, 29.91, 
28.13, 25.97, 24.74.  
 
Preparation of (Z)-4-((cyclooct-4-en-1-ylmethoxy)methyl)-1,3-dioxolan-2-one (5): 
A glass sleeve with a magnetic stir bar was charged with rac (salcy)CrCl catalyst (41 
mg, 0.065 mmol), compound 4 (1.27 g, 6.47 mmol), triethylamine (10 μL, 0.072 
mmol), and dichloromethane (2 mL) and placed in a Parr reactor. It was pressurized to 
400 psig with CO2 and then vented down to 100 psig. This process was repeated twice 
more to purge the reactor of air, then pressurized to 400 psig and heated to 100 °C. 
After 16 h, the Parr reactor was cooled to room temperature and vented. The crude 
reaction mixture was passed through a pad of silica, rinsed with ethyl acetate, and the 
filtrate was concentrated under reduced pressure to yield the product as a light brown 
oil (1.3 g, 81%). 
1
H NMR (300 MHz, Chloroform-d) δ 5.72 – 5.55 (m, 2H), 4.79 (ddt, 
J = 7.7, 5.9, 3.8 Hz, 1H), 4.57 – 4.33 (m, 2H), 3.61 (qd, J = 11.0, 3.5 Hz, 2H), 3.27 
(dd, J = 6.8, 1.5 Hz, 2H), 2.41 – 1.03 (m, 10H). 13C NMR (126 MHz, CDCl3) δ 
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155.10, 130.17, 78.26, 75.23, 69.75, 66.38, 37.73, 31.91, 29.82, 28.01, 25.92, 24.66. 
HR-MS (ESI) m/z calculated for C13H21O4 (M + H
+
) 241.1440, found 241.1443.  
 
A.3.3.4 Synthesis of Cross-Linked Comb Polymers 
 
 
Scheme A.3 Synthesis of cross-linked comb polymer electrolytes. 
 
Nomenclature Cross-Linked Comb SPE 
(
a
PEOXl)(
b
EOGm) 
where PEOX: PEO in the cross-linker; EOG: Ethylene oxide in the grafts; a: average 
number of ethylene oxide (EO) units in PEOX cross-linker; b: average number of EO 
units in PEG-g-COE; l: moles of EO units in the PEOX/ total moles of EO units; m: 
moles EO units in the PEG-g-COE/ total moles of EO units; l + m = 1 
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Calculations for l and m 
l′ = (mmoles of PEOX) × a 
m′ = (mmoles of PEG-g-COE) × b 
   
  
     
  
   
  
     
 
 
Representative procedure for the Synthesis of Cross-Linked Comb SPE, 
(
36
PEOX0.92)(
6
EOG0.08): Cross-linker 1 (270 mg, 0.140 mmol) with 36 EO units in the 
cross-linker and PEG-g-COE (34 mg, 0.072 mmol) with 6 EO units in the graft were 
combined and dissolved in 1.5 mL of THF. Grubbs’ 2nd generation catalyst (0.3 mg, 
0.4 μmol) dissolved in 0.5 mL of THF was added to the monomer mixture, followed 
by the addition of LiTFSI (98 mg, 0.34 mmol) solution in THF (0.5 mL). The reaction 
mixture was then transferred to a metal dish (fluoropolymer-lined, diameter of 5.25 
cm and depth of 3.0 cm) placed in a volume glass chamber bearing two Kontes glass 
valves on top. The chamber was placed on top of the hot plate equipped with a metal 
plate to ensure uniform heating and film was casted under N2 flow at 50 °C for 3 h. 
After the solvent evaporated off, the Kontes valves were closed and the glass chamber 
was taken in the glove box. Hexane was added to the metal dish in order to release the 
film from the dish. The film was dried in vacuum at 22 °C for 24 h.  
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A.3.3.5 Synthesis of Cyclic Carbonate Containing Cross-linked Polymers 
 
 
Scheme A.4 Synthesis of cross-linked polymer electrolytes bearing cyclic carbonate 
side chains. 
 
Nomenclature of Cross-Linked SPE with Cyclic Carbonate Side Chains 
PEOX:COE-CC:COE (x:y:z) 
where PEOX: PEO in the cross-linker; COE-CC: Cyclic carbonate functionalized 
cyclooctene; COE: cyclooctene; x: moles of PEOX / total moles of PEOX, CC-COE, 
and COE; y: moles of CC-COE / total moles of PEOX, CC-COE, and COE; z: moles 
of CC-COE / total moles of PEOX, CC-COE, and COE.  
 
Representative procedure for the Synthesis of Cross-Linked SPE bearing Cyclic 
Carbonate Side Chain, PEOX:COE-CC:COE (0.06:0.26:0.68: Cross-linker 1 (137 
mg, 0.0785 mmol) with 32 EO units in the cross-linker, comonomer 5 (76 mg, 0.32 
mmol) and COE (108 μL, 0.79 mmol) were combined and dissolved in 1.5 mL of 
THF. Grubbs’ 2nd generation catalyst (1.1 mg, 0.0013mmol) dissolved in 0.5 mL of 
THF was added to the monomer mixture, followed by addition of LiTFSI (49 mg, 0.19 
mmol). Crabtree’s catalyst (5.1 mg, 0.0063 mmol) dissolved in 0.5 mL CHCl3 was 
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added to the resultant solution and shaken vigorously for one minute. It was then 
transferred to a metal dish (fluoropolymer-lined, diameter of 5.25 cm and depth of 3.0 
cm) placed in a volume glass chamber bearing two Kontes glass valves on top. The 
chamber was placed on top of the hot plate equipped with a metal plate to ensure 
uniform heating and film was casted under N2 flow at 50 °C for 3 h. After the solvent 
evaporated off, the Kontes valves were closed and the glass chamber was taken in the 
glove box. Hexane was added to the metal dish in order to release the film from the 
dish. The film was dried in vacuum at 22 °C for 24 h and then placed in a Parr reactor 
equipped with an overhead stirrer and sealed. It was pressurized to 600 psig with 
hydrogen and then vented down to 50 psig. This process was repeated twice more to 
purge the reactor of air, then pressurized to 600 psig and heated to 100 °C. After 16 h, 
Parr reactor was cooled, vented and the plasticized SPE was dried under vacuum at 22 
°C for 24 h. 
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5
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A.3.4 DC Ionic Conductivity  
A.3.4.1 DC Ionic Conductivity of PEO Cross-Linked Comb Polymers 
 
Table A.3 DC ionic conductivities of PEO cross-linked comb polymer electrolytes
a 
entry  Sample Name 
DC Ionic Conductivity (S/cm)
b
 
−5 °C 10 °C 25 °C 40 °C 55 °C 70 °C 85 °C 100 °C 
          
1 (
36
PEOX0.92)(
6
EOG0.08) 8.5 × 10
−7
 4.9 × 10
−6
 2.1 × 10
−5
 6.3 × 10
−5
 1.5 × 10
−4
 2.9 × 10
−4
 4.9 × 10
−4
 7.4 × 10
−4
 
2 (
36
PEOX0.86)(
6
EOG0.14) 8.2 × 10
−7
 6.3 × 10
−6
 2.9 × 10
−5
 9.1 × 10
−5
 2.2 × 10
−4
 4.2 × 10
−4
 7.2 × 10
−4
 1.1 × 10
−3
 
3 (
36
PEOX0.75)(
6
EOG0.25) 5.8 × 10
−7
 4.9 × 10
−6
 2.3 × 10
−5
 7.3 × 10
−5
 1.7 × 10
−4
 3.3 × 10
−4
 5.7 × 10
−4
 8.6 × 10
−4
 
4 (
36
PEOX0.67)(
6
EOG0.33) 3.3 × 10
−7
 2.8 × 10
−6
 1.3 × 10
−5
 4.0 × 10
−5
 9.6 × 10
−5
 1.9 × 10
−4
 3.4 × 10
−4
 5.2 × 10
−4
 
5 (
36
PEOX0.61)(
6
EOG0.39) 2.4 × 10
−7
 2.0 × 10
−6
 9.7 × 10
−6
 2.8 × 10
−5
 6.3 × 10
−5
 1.2 × 10
−4
 1.8 × 10
−4
 2.8 × 10
−4
 
6 PEO 900 kDa 3.6 × 10
−8
 7.5 × 10
−7
 7.2 × 10
−6
 6.6 × 10
−5
 3.9 × 10
−4
 7.6 × 10
−4
 1.2 × 10
−3
 1.8 × 10
−3
 
a
All films had [EO]:[Li] composition of 15:1; where EO means ethylene oxide units contained both in the PEOX cross-linker and 
PEG-g-COE. 
b
Determined by dielectric spectroscopy measurements.  
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A.3.4.1 DC Ionic Conductivity of PE/PEO Cross-Linked Polymer Electrolytes Bearing Cyclic Carbonate Side Chains 
 
Table A.4 DC ionic conductivities of cross-linked polymer electrolytes bearing cyclic carbonate side chains
a 
entry  x:y:z
b
 
DC Ionic Conductivity (S/cm)
c
 
−5 °C 10 °C 25 °C 40 °C 55 °C   70 °C 85 °C 100 °C 
          
1 0.09:0:0.91 1.5 × 10
−7
 1.3 × 10
−6
 6.5 × 10
−6
 2.2 × 10
−5
 5.6 × 10
−5
 1.2 × 10
−4
 2.0 × 10
−4
 3.0 × 10
−4
 
2 0.06:0.26:0.68 6.3 × 10
−8
 6.8 × 10
−7
 4.2 × 10
−6
 1.7 × 10
−5
 4.8 × 10
−5
 1.1 × 10
−4
 2.0 × 10
−4
 3.3 × 10
−4
 
3 0.06:0.34:0.60 8.8 × 10
−8
 8.8 × 10
−7
 5.0 × 10
−6
 1.9 × 10
−5
 5.1 × 10
−5
 1.1 × 10
−4
 2.0 × 10
−4
 3.2 × 10
−4
 
4 PEO 900 kDa 3.6 × 10
−8
 7.5 × 10
−7
 7.2 × 10
−6
 6.6 × 10
−5
 3.9 × 10
−4
 7.6 × 10
−4
 1.2 × 10
−3
 1.8 × 10
−3
 
a
All films had [EO]:[Li] composition of 15:1; where EO means ethylene oxide units in the PEOX cross-linker. bx is the mole fraction 
of [PEOX] cross-linker, y is the mole fraction of the COE-CC, and z is the mole fraction of COE in the cross-linked polymer electrolyte. 
c
Determined by dielectric spectroscopy measurements.  
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A.3.5 NMR Spectra 
(Z)-2-((cyclooct-4-en-1-ylmethoxy)methyl)oxirane (4) 
 
Figure A.5 
1
H NMR spectrum of (Z)-2-((cyclooct-4-en-1-ylmethoxy)methyl)oxirane 
(4). Signal at 7.26 ppm is residual CHCl3. 
 
 
 
Figure A.6 
13
C NMR spectrum of (Z)-2-((cyclooct-4-en-1-ylmethoxy)methyl)oxirane 
(4). Signal at 77.16 ppm is residual CDCl3. 
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(Z)-4-((cyclooct-4-en-1-ylmethoxy)methyl)-1,3-dioxolan-2-one (5) 
 
Figure A.7 
1
H NMR spectrum of (Z)-4-((cyclooct-4-en-1-ylmethoxy)methyl)-1,3-
dioxolan-2-one (5). Signal at 7.26 ppm is residual CHCl3. 
 
 
Figure A.8 
13
C NMR spectrum of (Z)-4-((cyclooct-4-en-1-ylmethoxy)methyl)-1,3-
dioxolan-2-one (5). Signal at 77.16 ppm is residual CDCl3. 
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Poly(ethylene glycol)-grafted-cyclooctene (PEG-g-COE; 2) 
 
Figure A.9 
1
H NMR spectrum of PEG-g-COE (2) of molecular weight 0.5 kDa. 
Signal at 7.26 ppm is residual CHCl3.  
 
 
 
Figure A.10 
13
C NMR spectrum of PEG-g-COE (2) of molecular weight 0.5 kDa. 
Signal at 77.16 ppm is residual CDCl3.  
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PEO functionalized cross-linker (1) 
 
Figure A.11 
1
H NMR spectrum of PEO functionalized cross-linker (1) of molecular 
weight 1.8 kg/mol. Signal at 7.26 ppm is residual CHCl3. 
 
 
Figure A.12 
13
C NMR spectrum of PEO functionalized cross-linker (1) of molecular 
weight 1.8 kg/mol. Signal at 77.16 ppm is residual CDCl3. 
  
OO
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APPENDIX B 
Synthesis and Characterization of Tetrakis(perfluorophenyl)borate Containing 
Monomers for Ring Opening Metathesis Polymerization 
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APPENDIX B 
Synthesis and Characterization of Tetrakis(perfluorophenyl)borate Containing 
Monomers for Ring Opening Metathesis Polymerization 
 
B.1 Introduction 
Weakly coordinating organoborate anions are widely used as counterions to 
stabilize the highly reactive cationic transition metal catalysts in olefin 
polymerization.
1,2
 Other promising areas for the applications of weakly coordinating 
anions (WCAs) include ionic liquids,
3
 Li-ion battery electrolytes,
4
 and supporting 
electrolytes in electrochemistry.
5,6
 Few examples of borate containing WCAs that have 
been extensively used due to their reduced coordinating ability and/or poor lewis 
basicity include [BPh4]
−
, [B(PhF5)4]
−
, and B[3,5-(CF3)2C6H3]4]
 −
. While the efficacy of 
these WCAs have been corroborated by their wide range of applications,
7
 only few 
reports exist where these non-coordinating anions were immobilized on a polymer 
backbone.
8,9
 Uozumi and co-workers developed polymer supported organoborate for 
use as cocatalysts in metallocene catalyzed ethylene and propylene polymerization.
8
 
Jäkle and co-workers reported amphiphilic organoborate polymers, where one of the 
blocks was functionalized with weakly coordinating borate anions.
9
 Recently, these 
WCAs were also used as building blocks for the synthesis of dendrimers
10
 and anionic 
network polymers.
11,12
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Figure B.1 Monomers containing weakly coordinating anions. Left: 
tetrakis(perfluorophenyl)borate mono(cyclooctene) (TFB-mono-COE) and right: 
tetrakis(perfluorophenyl)borate tetra(cyclooctene) (TFB-tetra-COE). 
 
 
We were intetested in developing ionomer membranes containing weakly 
coordinating perfluorinated organoborate anions for Li-ion battery applications. 
Functionalized cyclooctene monomers (Figure B.1), which could be polymerized 
using Grubbs’ second generation catalyst (G2 catalyst) by ring opening metathesis 
polymerization (ROMP) were selected. We sought to develop WCA tethered polymers 
using ROMP due to the functional group tolerance of G2 catalyst. Moreover, this 
synthetic strategy would allow one to modulate the architecture, ionic content, and 
molecular weight of the proposed ionomers. While tetrakis(perfluorophenyl)borate 
mono(cyclooctene) (TFB-mono-COE) would provide accessibility to solvent 
processable ionomers, the tetrakis(perfluorophenyl)borate tetra(cyclooctene) (TFB-
tetra-COE) monomer would allow the formation of Li-ion conducting network 
organoborate polymers.   
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B.2 Experimental 
B.2.1 General 
All reactions and manipulations of air and moisture sensitive compounds were 
carried out under dry nitrogen using a Braun UniLab drybox or standard Schlenk line 
techniques unless otherwise specified. 
1
H NMR spectra were collected in deuterated 
solvents on a Varian INOVA 400 or Varian INOVA 500 spectrometer and referenced 
to residual non-deuterated solvent shifts (CHCl3 = 7.24 ppm) and are reported relative 
to tetramethylsilane (δ = 0 ppm). 13C NMR spectra were recorded on a Varian INOVA 
(
13
C, 100 MHz) or Varian INOVA (
13
C, 125 MHz) spectrometer and referenced to 
chloroform (δ 77.23 ppm). 19F NMR were recorded on a Varian INOVA (19F, 376 
MHz) and referenced to an external standard (hexafluorobenzene). 
11
B NMR were 
recorded on a Varian INOVA (160 MHz) and referenced to an external standard 
(BF3.O(C2H5)2).  
Thermogravimetric analysis (TGA) from 20-1000 °C was carried out on a TA 
Instruments Q500 Thermogravimetric Analyzer in nitrogen atmosphere using a 10 
°C/min ramp without equilibration delay.  
High-accuracy mass data was obtained using MALDI, ESI and DART sources. 
MALDI mass spectra were obtained on a Waters Micro MX MALDI-TOF mass 
spectrometer using negative ion mode and a reflectron detector. Samples were 
prepared by depositing the analyte dissolved in a saturated dithranol solution onto a 
stainless steel sample plate. The plate was dried in air before loading it into the 
instrument. ESI and DART mass spectra were obtained on a Thermo Scientific 
Exactive spectrometer in negative ion mode, using a Thermo Scientific heated ESI 
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source and an IonSense DART-SVP source, respectively. ESI samples were dissolved 
in acetone and infused directly via a syringe pump. DART samples were analyzed in 
the solid state using a melting point capillary to position the analytes in the DART gas.  
B.2.2 Materials 
Sodium hydride (95%), 1,5-cyclooctadiene, propargyl bromide (80 wt.% in 
toluene), tetrakis(triphenylphosphine)palladium(0) (99%), copper(I) iodide (99.99% 
trace metals basis), diisopropyl amine (purified by redistillation, 99.95%), 1,4-
dibromotetrafluorobenzene (>99%), and boron trichloride solution (1.0 M solution in 
heptane) were purchased from Sigma-Aldrich and used as received. Lithium 
aluminum hydride, powder, 97% (Alfa Aesar), tris(pentafluorophenyl)borane, 95% 
(Strem Chemicals), and n-butyllithium solution (1.7 M in hexanes, Acros) were used 
as received. Sodium hydroxide, anhydrous sodium sulfate, and sodium chloride were 
purchased from Mallinckrodt and used as received. HPLC grade tetrahydrofuran and 
diethyl ether were purchased from Fisher Scientific and dried over an alumina column 
and degassed by three freeze pump thaw cycles before use. NMR solvents (CDCl3 and 
acetone-d6) were purchased from Cambridge Isotope Laboratories (CIL) and used as 
received.  
Following a literature procedure,
13
 (Z)-tert-butyl cyclooct-4-enecarboxylate 
(A) was prepared and dried over activated 3 Å sieves before use.  
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B.2.3 Synthesis  
B.2.3.1 Synthesis of tetrakis(perfluorophenyl)borate mono(cyclooctene) monomer  
 
 
Scheme B.1 Synthesis of tetrakis(perfluorophenyl)borate mono(cyclooctene) 
monomer (E). 
 
 
Preparation of (Z)-cyclooct-4-en-1-ylmethanol (B): Lithium aluminum hydride 
(4.70 g, 124 mmoles) was added to a 500 mL Schlenk adapted round bottom flask 
under a flow of nitrogen. Dry THF (~150 mL) was then cannula transferred to the 
flask under standard Schlenk conditions to obtain a suspension. The resultant 
suspension was cooled to 0 °C and a solution of compound A (15.4 g, 73.2 mmoles) in 
100 mL of dry THF was slowly cannula transferred to it. The solution was stirred at 0 
°C for 2 hours and was then slowly warmed to room temperature. After stirring for 16 
h at room temperature, the solution was cooled back to 0 °C and slowly quenched with 
1M HCl. The salts were filtered and washed with diethyl ether. The resultant solution 
was extracted with diethyl ether (3 × 200 mL). The ether extracts were combined, 
washed with saturated brine (200 mL), dried over anhydrous sodium sulfate, and 
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concentrated under reduced pressure to yield a colorless oil (10 g, 97%). 
1
H NMR 
(500 MHz, CDCl3) δ 5.77 – 5.57 (m, 2H), 3.52 – 3.26 (m, 2H), 2.45 – 1.02 (m, 11H). 
13
C NMR (126 MHz, CDCl3) δ 130.28, 130.12, 69.08, 40.54, 31.85, 29.69, 28.07, 
25.94, 24.70. HRMS (DART) m/z calculated for (M + H
+
) 141.1279, found 141.1270. 
 
Preparation of (Z)-5-((prop-2-yn-1-yloxy)methyl)cyclooct-1-ene (C): A suspension 
of NaH (1.27 g, 50.3 mmol) in anhydrous THF (100 mL) was made in a three-neck 
Schlenk adapted round bottom flask equipped with a reflux condenser. This 
suspension was treated dropwise with a solution of B (4.72 g, 33.7 mmol) in 30 mL 
dry THF and heated to 70 °C under N2 for 16 h. After cooling to room temperature, a 
solution of propargyl bromide (8.8 mL, 59.2 mmol) was slowly added to the alkoxide 
solution under standard Schlenk conditions at 22 °C (exotherm was observed during 
the addition). The resulting mixture was refluxed for 2 h, which yielded a brown 
solution. The reaction mixture was cooled to room temperature and filtered through a 
pad of celite. The filtrate was concentrated on a rotary evaporator to yield a red-brown 
oil, which was further purified by column chromatography on silica using 1:9 ethyl 
acetate/hexanes. The desired product was isolated as a mixture of C and C′ (5.4 g, 
91%). The Rf of the compounds C and C′ (Figure B.2) were very similar and could not 
be purified on the silica column chromatography, and therefore the mixture was used 
without further purification for the next step (i.e. for the synthesis of Compound D). 
1
H NMR (500 MHz, CDCl3) δ 5.79 – 5.54 (m, 2H), 4.24 – 4.05 (m, 2H), 3.42 – 3.16 
(m, 2H), 2.40 (m, 1H), 2.36 – 1.06 (m, 11H). 13C NMR (126 MHz, CDCl3) δ 131.22, 
130.33, 130.19, 128.34, 80.25, 77.16, 76.67, 76.60, 74.59, 74.15, 74.13, 58.76, 58.28, 
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58.20, 39.95, 37.80, 32.23, 30.05, 29.46, 28.74, 28.16, 27.81, 26.01, 25.93, 24.75, 
24.26. HR-MS (DART) m/z calculated for (M + H
+
) 178.1352, found 179.1422.  
 
Figure B.2 Chemical structures of compounds C and C′.  
 
For the HSQC and HMBC analysis of the mixture of compounds C and C′, see Section 
B.2.6. 
 
 
Preparation of (Z)-5-(((3-(4-bromo-2,3,5,6-tetrafluorophenyl)prop-2-yn-1-yl)oxy) 
methyl)cyclooct-1-ene (D): A 250 mL round bottom Schlenk flask was charged with 
1,4-dibromotetrafluorobenzene (6.58 g, 21.4 mmol), Pd(PPh3)4 (0.518 mg, 0.450 
mmol), CuI (0.174 g, 0.910 mmol) and anhydrous toluene (120 mL) under nitrogen. 
The resultant solution was subjected to three freeze-pump-thaw cycles, and backfilled 
with nitrogen. A mixture of compounds C and C′ (2.73 g, 15.3 mmol) was dissolved in 
degassed diisopropylamine (35 mL) under standard Schlenk conditions and was slowly 
cannula transferred to the solution of 1,4-dibromotetrafluorobenzene under standard 
Schlenk conditions. The resultant solution was stirred 2 h at 70 °C, cooled to room 
temperature, filtered through celite, and washed with CH2Cl2 (150 mL). The solvent 
was evaporated and the crude product was purified by column chromatography on 
silica using 1:3 CH2Cl2/hexanes to yield a mixture of D and D′ (Figure B.3) as a pale 
yellow oil (1.98 g, 32%). 
1
H NMR (500 MHz, CDCl3) δ 5.80 – 5.55 (m, 2H), 4.41 (d, 
J = 8.1 Hz, 2H), 3.46 – 3.29 (m, 2H), 2.47 – 1.09 (m, 11H). 19F NMR (376 MHz, 
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CDCl3) δ −131.57 (m, 2 F), −133.69 (m, 2F). 
13
C{
1
H}
 
NMR (126 MHz, CDCl3) δ 
147.26 (ddt, J = 255, 15, 4 Hz), 144.93 (dddd, J = 248, 15, 5, 3 Hz), 131.35, 130.30, 
130.24, 128.23, 103.76 (tm, J = 18 Hz), 100.98 (tm, J = 23 Hz), 99.65 (t, J = 4.0 Hz), 
74.96 , 71.01 (t, J = 4 Hz), 58.93 , 58.86 , 39.99 , 37.87 , 32.21 , 30.08 , 29.48 , 28.75 , 
28.17 , 27.80 , 26.03 , 25.97 , 24.75 , 24.26 . 
13
C{
19
F}  NMR (126 MHz, CDCl3) δ 
147.26, 144.93, 103.75, 100.99, 99.64 (t, J = 7 Hz), 71.00 (t, J = 5 Hz). HR-MS 
(DART) m/z calculated for (M + H
+
) 405.047165, found 405.04656. 
 
Figure B.3 Chemical structures of compounds D and D′.  
 
Preparation of Lithium (Z)-(4-(3-(cyclooct-4-en-1-ylmethoxy)prop-1-yn-1-yl)-
2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E): A solution of mixture of 
compounds D and D′ (0.40 g, 0.99 mmol) in 5 mL anhydrous diethyl ether was cooled 
to −78 °C under nitrogen. Butyllithium (0.69 mL, 1.6 M solution in hexanes, 1.10 
mmol) was slowly added to the reaction mixture and it was stirred for 4 h at −78 °C. A 
solution of tris(pentafluorophenylborane) (0.48 g, 0.94 mmol) in toluene (4 mL) was 
then added to the lithiated compound via a gas tight syringe under standard Schlenk 
conditions at −78 °C and the reaction mixture was slowly warmed to room 
temperature. The resulting solution was refluxed for 2 h, cooled to room temperature, 
and concentrated under reduced pressure to yield a white crystalline powder (0.78 g, 
98%). The final product was a mixture of two regioisomers E and E′ (Figure B.4) 1H 
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NMR (500 MHz, Acetone-d6) δ 5.69 – 5.58 (m, 2H), 4.40 (s, 2H), 3.54 (s, 2H), 3.37 – 
3.28 (m, 2H), 2.41 – 1.12  (m, 11H). 13C{1H} NMR (126 MHz, Acetone-d6) δ 149.05 
(dm, J = 240 Hz), 146.64 (dd, J = 249, 24 Hz), 139.07 (dt, J = 240, 13 Hz), 137.07 
(ddd, J = 250, 19, 13 Hz), 131.55, 130.99, 130.67, 129.17, 99.85 (t, J = 18 Hz), 97.51, 
76.94, 74.94, 72.61, 66.11, 59.09, 59.01, 40.73, 38.62, 32.79, 30.65, 29.32, 28.76, 
28.32, 26.45, 26.34, 25.24, 24.78, 15.60. 
13
C{
19
F} NMR (126 MHz, Acetone-d6) δ 
149.05, 148.96, 146.66, 139.06, 137.07, 124.98 (q, JC,11B = 51 Hz), 124.77 (q, JC,11B = 
52 Hz), 99.86, 97.49 (t, J = 8 Hz), 72.59, 59.02.
19
F NMR (376 MHz, Acetone-d6) δ –
130.51 (m, 9F), –140.45 (m, 2F), –161.75 (t, J = 20 Hz, 1F), –161.90 (t, J = 20 Hz, 
2F), –165.80 (m, 6F). 11B NMR (160 MHz, Acetone-d6) δ −15.07. HR-MS (ESI) m/z 
calculated for (M
−
) 837.1063, found 837.1065. 
 
Figure B.4 Chemical structures of compounds E and E′. 
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B.2.3.2 Synthesis of tetrakis(perfluorophenyl)borate tetracyclooctene monomer 
 
 
Scheme B.2 Synthesis of tetrakis(perfluorophenyl)borate tetracyclooctene monomer 
(F).  
 
Preparation of (Z)-5-(((3-(4-bromo-2,3,5,6-tetrafluorophenyl)prop-2-yn-1-yl)oxy) 
methyl)cyclooct-1-ene (D): See Section B.2.3.1 for the synthesis details.  
 
Preparation of lithium tetrakis(4-(3-((Z)-cyclooct-4-en-1-ylmethoxy)prop-1-yn-1-
yl)-2,3,5,6-tetrafluorophenyl)borate (F): A solution of mixture of compounds D and 
D′ (1.0 g, 2.5 mmol) in 12 mL anhydrous diethyl ether was cooled to −78 °C under 
nitrogen. Butyllithium (1.7 mL, 1.6 M solution in hexanes, 2.7 mmol) was slowly 
added to the reaction mixture and it was stirred for 4 h at −78 °C. A solution of boron 
trichloride (0.61 mL, 1.0 M in heptane, 0.61 mmol) was then added to the lithiated 
compound via a gas-tight syringe under standard Schlenk conditions at −78 °C. The 
cooling bath was removed and the mixture was stirred at room temperature for 16 h. 
Distilled water (20 ml) was added and the mixture was stirred for 1 h. The aqueous 
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phase was separated from the organic phase and was extracted two times with diethyl 
ether (3×25 mL). The organic layers were combined, dried with 3Å molecular sieves, 
and concentrated under reduced pressure to yield a pale yellow powder. The powder 
obtained was thoroughly washed with hexanes and dried under high vacuum at 22 °C 
until constant weight (0.36 g, 44%). The final product was a mixture of regioisomers 
of F and F′. 1H NMR (400 MHz, Acetone-d6) δ 5.77 – 5.52 (m, 8H), 4.41 (s, J = 6.8 
Hz, 8H), 3.56 – 3.17 (m, 8H), 2.40 – 1.03 (m, 44H). 13C{1H} NMR (126 MHz, 
Acetone-d6) δ 131.15, 130.81, 77.06, 59.16, 38.77, 32.95, 30.79, 28.89, 26.61, 25.40. 
13
C{
19
F} NMR (126 MHz, Acetone-d6) δ 149.00, 146.65, 99.92, 97.52 (t, J = 7.4 Hz), 
72.66 (t, J = 4.4 Hz), 60.18, 59.01. 
19
F NMR (376 MHz, Acetone-d6) δ −130.2 (s, 8F), 
−140.5 (s, 8F). 11B NMR (160 MHz, Acetone-d6) δ −14.56. HR-MS (ESI) m/z 
calculated for (M
−
) 1311.4950, found 1311.4944. 
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B.2.4 Thermal Gravimetric Analysis (TGA)  
 
 
Figure B.5 TGA traces of G (red), E (blue), and F (green). 
 
To determine the thermal stability of the borate monomers, TGA analysis was 
done. The onset decomposition tempertaures for the organoborate monomers are 
shown in Figure B.5. Among the non-coordinating borate monomers, the bulky 
perfluorinated monomer with four cycloctenes (F) showed the highest decomposition 
temperature of 355 °C, which is approximately 100 °C higher than G and E 
organoborate monomers.   
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B.2.5 MALDI-TOF Data 
 
Figure B.6 MALDI-TOF spectrum of lithium (Z)-(4-(3-(cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E) 
(F). m/z calculated for (M
−
) 837.11, found 837.87. 
 
 
Figure B.7 MALDI-TOF spectrum of lithium tetrakis(4-(3-((Z)-cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)borate (F). m/z calculated for 
(M
−
) 1311.50, found 1311.54. 
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B.2.6 NMR Spectra  
Compound B 
 
 
Figure B.8 
1
H NMR spectrum of compound B. Signal at 7.24 ppm is residual CHCl3. 
 
 
 
Figure B.9 
13
C NMR spectrum of compound B. Signal at 77.16 ppm is residual 
CDCl3.  
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 Compound C and C′ 
 
 
Figure B.10 
1
H NMR spectrum of mixture of compounds C and C′. Signal at 7.24 
ppm is residual CHCl3. 
 
 
 
Figure B.11 
13
C NMR spectrum of mixture of compounds C and C′. Signal at 77.16 
ppm is residual CDCl3. 
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Table B.1 
1
H and 
13
C NMR assignments for mixture of compounds C and Cʹ based on 
HMBC and HSQC analysis.  
 
 
 
Assignments for Compound C 
Atom 
13
C shift (ppm) 
1
H shift (ppm) 
1 130.06 5.68 
2 130.18 5.65 
3 24.61 2.09, 2.32 
4 32.11 1.16. 1.70 
5 37.67 1.72 
6 29.92 1.56, 1.32 
7 28.04 1.36, 1.66 
8 25.90 2.12, 2.19 
9 76.46 3.29 
10 58.07 4.13 
11 80.13 n.a.
a
 
12 73.99 2.42 
 
Assignments for Compound Cʹ 
Atom 
13
C shift (ppm) 
1
H shift (ppm) 
1 128.21 5.62 
2 131.08 5.69 
3 27.67 2.09, 2.24 
4 39.82 1.83 
5 28.61 1.26, 1.66 
6 24.14 1.43, 1.66 
7 29.32 1.50, n.d.
b
 
8 25.80 2.06, 2.20 
9 74.46 3.34 
10 58.15 4.14 
11 80.10 n.a.
a
 
12 74.02 2.43 
 
a
n.a. not applicable 
b
n.d. not determined 
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Figure B.12 
1
H/
13
C multiplicity-edited HSQCAD NMR spectrum of mixture of 
compounds C and C′. Positive (red) contours correspond to CH and CH3, negative 
contours (blue) correspond to CH2. 
 
 
 
 
Figure B.13 
1
H/
13
C multiplicity-edited HSQCAD NMR spectrum of mixture of 
compounds C and C′. Positive (red) contours correspond to CH and CH3, negative 
contours (blue) correspond to CH2. Displaying only regions of interest. 
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Figure B.14 
1
H/
13
C HMBCAD NMR spectrum of mixture of compounds C and C′.  
 
 
 
 
Figure B.15 
1
H/
13
C HMBCAD NMR spectrum of mixture of compounds C and C′. 
Expanded display showing only regions of interest. 
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Compounds D and Dʹ 
 
 
Figure B.16 
1
H
 
NMR spectrum of mixture of compounds D and Dʹ. Signal at 7.24 
ppm is residual CHCl3. 
 
 
Figure B.17 
19
F NMR spectrum of mixture of compounds D and Dʹ. Spectrum was 
referenced externally to C6F6 (δ = −165 ppm). 
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Figure B.18 
13
C{
1
H} NMR spectrum of mixture of compounds D and Dʹ. Signal at 
77.16 ppm is residual CDCl3. 
 
 
 
 
Figure B.19 
13
C{
19
F} NMR spectrum of mixture of compounds D and Dʹ.  Signal at 
77.16 ppm is residual CDCl3. 
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Lithium (Z)-(4-(3-(cyclooct-4-en-1-ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluoro 
phenyl) tris(perfluorophenyl)borate (E) 
 
 
Figure B.20 
1
H NMR spectrum of lithium (Z)-(4-(3-(cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E). 
The compound has one molecule of diethyl ether bound to it (signals at 1.10 and 3.40 
pm). Signal at 2.06 ppm is residual acetone.  
 
 
Figure B.21 
19
F NMR spectrum of lithium (Z)-(4-(3-(cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E). 
Spectrum was referenced externally to C6F6 (δ = −165 ppm).  
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Figure B.22 
13
C{
1
H} NMR spectrum of lithium (Z)-(4-(3-(cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E). 
 
 
 
Figure B.23 
13
C{
19
F} NMR spectrum of lithium (Z)-(4-(3-(cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E).  
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Figure B.24 
11
B NMR spectrum of lithium (Z)-(4-(3-(cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)tris(perfluorophenyl)borate (E). 
Spectrum was referenced externally to BF3.Et2O (δ = 0 ppm). 
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Lithium tetrakis(4-(3-((Z)-cyclooct-4-en-1-ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-
tetrafluorophenyl)borate (F) 
 
Figure B.25 
1
H NMR spectrum of lithium tetrakis(4-(3-((Z)-cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)borate (F).  
 
 
Figure B.26 
19
F NMR spectrum of lithium tetrakis(4-(3-((Z)-cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)borate (F). Spectrum was 
referenced externally to C6F6 (δ = −165 ppm).  
 289 
 
 
Figure B.27 
13
C{
1
H} NMR Spectrum of compound F. Signals at 29.84 and 206.12 
ppm are from the residual acetone. 
 
 
 
 
Figure B.28 
13
C{
19
F} NMR spectrum of compound F. Signals at 29.84 and 206.12 
ppm are from the residual acetone. 
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Figure B.29 
11
B NMR spectrum of lithium tetrakis(4-(3-((Z)-cyclooct-4-en-1-
ylmethoxy)prop-1-yn-1-yl)-2,3,5,6-tetrafluorophenyl)borate (F). Spectrum was 
referenced externally to BF3.Et2O (δ = 0 ppm). 
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